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The program has been validated against analytical models, predecessor simu- 
lation programs and vehicle t e s t  data acquired separately by the Texas Trans- 
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tion program has achieved operational status on FHWA computer faci 1 i t i e s  
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1.0 INTRODUCTION 
T h i s  document r e p o r t s  on t h e  research  p r o j e c t  e n t i t l e d  " S i m u l a t i o n  
o f  t h e  E f f e c t s  o f  Increased Truck S i z e  and Weight," conducted by t h e  
Highway S a f e t y  Research I n s t i t u t e  (HSRI) o f  The U n i v e r s i t y  o f  Michigan. 
The research  was sponsored by t h e  Federal  Highway A d m i n i s t r a t i o n  (FHWA) 
under C o n t r a c t  Number DOT-HS-11-9330, ex tend ing  over  t h e  p e r i o d  f rom 
October 1977-November 1979. 
The Federa l -A id  Highway A c t  o f  1956 a u t h o r i z e d  t h e  c o n s t r u c t i o n  o f  
t h e  N a t i o n a l  System o f  I n t e r s t a t e  and Defense Highways and p laced  c e r t a i n  
l i m i t a t i o n s  on t h e  dimensions and we igh ts  o f  v e h i c l e s  o p e r a t i n g  on t h e  
system. The l i m i t a t i o n s  imposed were: 18,000 pounds (8165 Kg) on a  
s i n g l e  ax le ,  32,000 pounds (14,515 Kg) on a  tandem ax le ,  an o v e r a l l  g ross 
we igh t  o f  73,280 pounds (33,240 Kg), and a  w i d t h  o f  96 inches (244 cm). 
These l i m i t s  were based on c o n s i d e r a t i o n s  o f  system c a p a c i t y ,  s t r e n g t h  o f  
e x i s t i n g  pavement and b r idges ,  t h e  need f o r  maintenance and r e s u r f a c i n g ,  
t h e  highway geometries r e q u i r e d  t o  accommodate l a r g e r  v e h i c l e s ,  and t h e  
e f f e c t s  o f  l a r g e  t r u c k s  on t r a f f i c  opera t ions .  
The we igh t  1  i m i t a t i o n s  have s i n c e  been r a i s e d  t o  20,000 pounds 
(9,072 Kg) f o r  a  s i n g l e  ax le ,  34,000 pounds (15,422 Kg) f o r  a  tandem a x l e  
and 80,000 pounds (36,288 Kg) t o t a l  gross we igh t  f o r  t h e  v e h i c l e  combina- 
t i o n .  I n c r e a s i n g  loads have broad i m p l i c a t i o n s  on t h e  o p e r a t i o n  o f  t h e  
highway system. For  example, t h e  11% i n c r e a s e  i n  s i n g l e - a x l e  l o a d  has 
s i g n i f i c a n c e  because i t  i s  t h e  b a s i s  f o r  t h e  s t r u c t u r a l  des ign o f  pavements 
and i s  a l s o  a  p r i m a r y  f a c t o r  i n  v e h i c l e  c o n t r o l .  
Proposals a r e  be ing  made t o  f u r t h e r  i n c r e a s e  t h e  a1 lowable  loads,  as 
w e l l  as r a i s e  t h e  w i d t h  l i m i t a t i o n s ,  and i t  must be a n t i c i p a t e d  t h a t  more 
such proposa ls  w i l l  be submi t ted  f rom t i m e  t o  t ime. Such proposals  should  
be eva lua ted  on a  r a t i o n a l  bas is ,  and should  cons ide r  t h e  economic and 
s o c i a l  impacts as we1 1. 
Wi th  t h e  emergence o f  h igh-speed computers, t h e  s i m u l a t i o n  o f  complex 
processes has become a  r e 1  i a b l  e  and c o s t - e f f e c t i v e  method f o r  i n v e s t i g a t i n g  
t h e  performance o f  new concepts o r  t h e  e f f e c t s  o f  m o d i f i c a t i o n s  t o  e x i s t i n g  
systems. Computer codes e n a b l i n g  t h e  s i m u l a t i o n  o f  t h e  r i d e  and h a n d l i n g  
of heavy trucks have been developed and are operational. I t  follows that 
such programs, together with some experimental and f ie ld  data, offer 
considerable promise for aiding the Federal Highway Administration in 
conducting analyses that are needed for rational decision making. 
To this  end, HSRI has been supported by the FHWA in a program de- 
signed t o  modify and exercise computer simulation programs for investigating 
the dynamics of heavy vehicle t ra ins ,  their  response t o  control inputs, 
and their  s t ab i l i t y  in the presence of disturbance inputs. The approach 
adopted in the study was that of selecting an existing simulation program 
for trucks and t ractor- t rai lers  and modifying i t  as necessary to meet the 
above stated objectives. To establish the veracity of th i s  work, a 
separate project entit led "Validation of Truck Handling Simulation Results" 
was sponsored concurrently a t  the Texas Transportation Institute/Texas 
A & M University, t o  generate full-scale vehicle t e s t  data against which 
the computer simulation program could be val idated. The research plan 
called for using the validated program in a prototype study of truck size 
and weight effects ,  and a copy of the program was t o  be vested with the 
Federal Highway Administration for use a t  their  own computer f ac i l i t i e s .  
This report summarizes the development and the features of the com- 
puter code prepared to  sat isfy the needs and requirements of  the FHWA. 
This report i ncl udes : 
1 )  a statement of  the background underlying the development of 
the program, 
2 )  a description of the program, 
3 )  a definition of the uses of the program, 
4 )  a report on the va1 idation of the program, 
5 )  a summary of the available documentation on the program, and 
6 )  a summary of the training seminar (Section 3 .0) .  
The report discusses the application of  the simulation program to the study 
of truck size and weight issues (Section 4 . 0 ) ,  and concludes with a pre- 
sentati on of findings and recommendations with respect t o  fol low-on use 
of the program by the FHWA. 
2.0 DEVELOPMENT OF THE T3DRS:Vl PROGRAM 
2.1 Background 
Since 1971, the HSRI has conducted research under the sponsorship 
of the Motor Vehicle Manufacturers Association (MVMA) t o  develop computer- 
based methods for analyzing and predicting the directional and braking 
response of commercial motor vehicles. The in i t i a l  phase of this  re- 
search dealt  with model ing the braking performance of commercial vehicles 
and was reported in Reference [I]* (Phase I ) .  The second phase extended 
vehicle modeling to  allow for directional response and was reported in 
Reference [2] (Phase 11). The continuation of research into braking per- 
formance led to  additional refinements in the braking simulation which 
were reported in Reference [3] (Phase 111). In to t a l ,  th i s  research under 
the auspices of MVMA led t o  four separate computer simulation models: ' 
-Straight Truck Braking Model (Phase I & 111) 
*Tractor-Trailer Braking Model (Phase I & 111) 
.Straight Truck Directional Response Model (Phase 11) 
Tractor-Trail e r  Directional Response Model (Phase 11) 
T h o u g h  a l l  programs evolved from the same approach t o  vehicle modeling, 
separate programs were prepared and maintained. 
Under th i s  project, the requirements to add one or two ful l  t r a i l e r s  
(doubles and t r i  pl es)  t o  the tractor-semi t r a i  1 e r  model were cause for 
reformulating the computer simul ation model for  the purposes of: 
*Consol i dating a1 1 vehicle combi nations into one program 
-Improving the input/output format 
*Simplifying the model t o  include only the most relevant aspects 
as determined from the intervening research 
The work led to a new simulation program using the same modeling 
approaches. The program, described here, i s  designated as "The Truck and 
Tractor-Trai 1 e r  Dynamic Response Simulation - T3DRS:Vl." 
*Numbers in brackets indicate references in Section 7 of this  report, 
2.2 Description of the Program 
The T3DRS:Vl program i s  a time domain mathematical simulation of a 
t ruck/ t rac tor ,  a semit ra i ler  and u p  to  two fu l l  t r a i l e r s ,  The vehicles 
a r e  represented by d i f fe ren t ia l  equations derived from Newtonian mechanics 
that  a re  solved a t  successive time increments by d ig i t a l  integrat ion.  A 
more detai led description of the program i s  provided in the User's Manual 
[4] and Programmer's Manual [5] prepared under t h i s  project.  
The program i s  written in a generalized fashion to  allow simulation 
of a large number of vehicle configurations, as shown i n  Figure 1 .  The 
f i r s t  vehicle i s  the power uni t  and may be a truck or t r a c to r ,  both of 
which may carry payload, As a s ingle  u n i t  w i t h  no payload, i t  i s  equi- 
valent t o  an empty truck or bobtail t r ac to r .  With payload, i t  i s  a truck, 
which, with a semit ra i ler  as well, simulates a car  hauler, dromedary 
t r a c to r ,  etc.  The second u n i t  i s  always a semit ra i ler  ( i . e . ,  current 
models do not include a truck with fu l l  t r a i l e r ) .  The third and fourth 
units  a re  fu l l  t r a i l e r s  consisting of semit ra i lers  on e i the r  a fixed or 
converter dolly. Separate payload may be specified fo r  each t r a i l e r .  
The t ruck/ t rac tor  unit  is distinguished by the fac t  t ha t  i t  can 
have only a single f ront  axle w i t h  s ingle  t i r e s ,  and can be a r b i t r a r i l y  
steered. All other axles on the vehicle combination can be represented 
as s ingle  or  tandem axles w i t h  s ingle  or dual wheel s e t s .  
The mathematical model ef fect ively  incorporates u p  t o  71 degrees of 
freedom. The number of degrees of freedom are  dependent on the vehicle 
configuration and derive from the following: 
- S i x  degrees of freedom ( three  translat ional  and three rota- 
t i ona l )  f o r  the t ruck/ t rac tor  sprung mass 
*Three degrees of freedom fo r  the semit ra i ler  ( t he  three other 
degrees of freedom of the semi t r a i  1 e r  are  ef fect ively  el imi nated 
by dynamic const ra ints  a t  the hitch) 
-Five degrees of freedom for  each of the two fu l l  t r a i l e r s  
a1 lowed 
-Two degrees of freedom (ver t i ca l  and r o l l )  for  each of the 13 
axles a1 lowed 
B o b t a i  1  T r a c t o r  S t r a i g h t  T ruck  
T rac to r -Semi  t r a i  l e r  
Double T r a i l e r  Combinat ion 
T r i p l e  T r a i l e r  Combinat ion 
F i g u r e  1. V e h i c l e  c o n f i g u r a t i o n s  t h a t  can be s i m u l a t e d  w i t h  T3DRS:Vl. 
* A  wheel rotation degree of freedom for each of the 26 wheels 
a1 lowed 
The motion of each of  the sprung masses i s  determined from the 
summation of forces and moments u p o n  i t  arising from the t i r e s  (acting 
through the unsprung mass of the axle and suspension), gravity and the 
hitch point constraints. Small angle assumptions are made in the deriva- 
tion of the mathematical equations so that the simulation can be validly 
applied up  through the onset of rollover. 
Operation' of the T3DRS:Vl program i s  accompl ished by submission of 
the necessary j o b  control instructions followed by a 1 i s t  of i n p u t  para- 
meters. The specific j o b  control instructions required are dependent on 
the user's computer system and whether batch or remote job entry i s  being 
used. 
The l i s t  of parameters describes the vehicle being simulated and the 
maneuver being performed. The f i r s t  group in the l i s t  i s  called the 
Simulation Operation Parameters and includes the following information: 
-Title for the run 
-Vehicle configuration 
-Ini t ia l  velocity of the vehicle 
-Steer input (steering angles or path t o  be followed) 
-Braking inputs a t  the treadle valve 
-Simulation time 
-Road description ( f l a t ,  grades or user subroutine) 
- O u t p u t  (type and printing intervals) 
The l i s t  next includes information to describe the truck or t ractor ,  
grouped in the order of sprung mass properties, front suspension and axle 
description, front t i r e  and wheel properties, then rear suspension and 
axle, rear t i r e s  and wheels; and f inal ly ,  the individual brake character- 
i s t i c s  ( i f  braking i s  used i n  the maneuver). I f  the vehicle configuration 
includes a semitrailer, the l i s t  of parameters continues with a descrip- 
tion of i t s  sprung mass properties, suspension and axle properties, t i r e  
and wheel properties, and brake characteristics. With doubles and t r ip les  
combinations, the description o f  each t r a i l e r  then follows in a similar 
fashion. The full  t r a i l e r s  of a doubles or t r ip les  combination may be of 
the fixed or converter dolly type. 
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The sprung mass properties are described by the following types of 
parameters, as i 1 lustrated for truck/tractors in Figure 2:  
-Wheelbase ( the characteristic length) 
-Front and rear curb weights (weight) 
-Center of gravity height 
-Moments of  iner t ia  in r o l l ,  pitch and yaw 
-Pay1 oad (weight, location and moments of iner t ia )  
-Hitch point location ( f i f t h  wheel or pintle hook) 
-Fifth wheel roll  s t i f fness  ( w i t h  t ractors only) 
The payload i s  an o p t i o n  that  f ac i l i t a t e s  easy simulation of a vehicle 
under different loading conditions. Hitch point (and f i f t h  wheel s t i f f -  
ness) information i s  required only when the unit being described i s  a tow 
vehicle for another t r a i l e r .  The sprung mass information for a ful l  
t r a i l e r  includes four additional parameters a t  the beginning of the l i s t ,  
which consists of a key for selecting fixed or converter dolly, and three 
dimensions that effectively describe the tongue length, location of the 
yaw articulation point, and location of the pitch articulation point. 
The suspension and axle parameters describe the suspension and u n -  
sprung mass properties. These items are modeled as shown in Figure 3. 
Either a single or optional tandem axle may be specified a t  any axle loca- 
tion except the front axle of the truck/tractor unit. The descriptive 
parameters required are as follows: 
-Suspension key (single or tandem) 
-Tandem parameters (ax1 e separation, s t a t i c  1 oad distribution, 
brake torque load transfer e f fec ts )  
-Spring rates 
-Viscous damping and coulomb fr ic t ion 
-Axle mass and roll  moment of iner t ia  
-Roll center height 
-Roll steer coefficient 
-Auxiliary roll  s t i f fness  
-Lateral distance between springs 
-Track width 
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Tandem axles are modeled as two single axles with s t a t i c  and dynamic load 
transfer interactions. The suspension spring rate may be given as a single 
( l inear )  characteristic;  or by use of a negative integer entry, the pro- 
gram i s  keyed t o  accept a mu1 ti-point table t o  define nonlinear character- 
i s t i c s .  In addition, the suspension properties may be given different 
values on the l e f t  and right side of the vehicle in a side-to-side option 
exercised by making a double entry on the specified l ine.  
The t i r e s  and wheels are described by parameters that represent: 
-Dual t i  re separation (except truckltractor front ax1 e )  
-Tire stiffnesses (cornering, l ongi tudi nal , camber, a1 igning 
moment, and vertical spring ra te )  
-Tire 1 oaded radius 
-Polar moment of iner t ia  
The s t i f fness  values represent the e las t ic  properties of the t i r e  and i t s  
frictional coup1 ing t o  the road surface. The cornering and longitudinal 
st iffnesses are especially significant t o  turning and braking performance, 
respectively. Hence, either may be entered as a multi-point table by use 
of the negative integer keying method described above. Additional ly ,  the 
side-to-side option may be used with any of the above parameters. 
Brakes are described by three parameters-a time lag and r i se  time 
representing the brake pressure transmission characteristics of the 
pneumatic l ines t o  each brake, and the brake torque characteristics.  The 
l a s t  parameter may be given as a multi-point table i f  so desired. Each 
brake of the vehicle may be described individually by each of the above 
parameters. Further, an antilock brake control may be specified for each 
wheel position. The antilock simulation i s  a general purpose program 
which requires the user t o  define the operating characteristics of each 
antilock system being specified. 
As input data i s  read, the data i s  normally "echoed" as the f i r s t  
pages of output. A t  the completion of the input read process, the pro- 
gram calculates necessary properties of the total  vehicle combination 
and prints a page of o u t p u t  containing a summary of those vehicle pro- 
perties. The program then "runs ," sol ving the differential  equations of  
motion for the vehicle until the vehicle reaches a full stop, a default 
stop (such as rollover), or until the designated maximum simulation time 
is reached. At various points during the run, simulation output is 
printed, which (at the option of the user) may include time-based values 
for the vehicle motion variables, tire forces at each axle, braking con- 
ditions on each axle, tire cornering conditions, and the suspension motions 
and forces. 
The vehicle motion variables are given as instantaneous values of 
(translational and rotational) position, velocity and acceleration. 
Auxiliary information on the radius of turn, body sideslip angle and 
articulation angles (of tractor-trai 1 er vehicles) is a1 so provided. The 
ti re forces i ncl ude vertical, lateral and 1 ongi tudinal components, the 
associated coefficients of friction being utilized, and the wheel operat- 
ing conditions relating to steer and slip angles, brake torque, and wHeel 
longitudinal slip. The suspension motions are defined by the vertical and 
roll positions and velocities. Suspension forces are those derived from 
spring deflections, damping effects and auxiliary roll stiffness. 
2.3 Uses of the Program 
The great versatility of the T3DRS:Vl program in representing com- 
mercial vehicle types and components in steering and braking maneuvers 
gives it great utility. It can be used to simulate the following vehicle 
configurations: 
*Straight truck, empty and loaded 
~Bobtai 1 tractor 
-Tractor-semi trailer (3 to 5 axles), empty and loaded 
*Tractor-semitrailer-full trailer (5 to 9 axles), empty and 
1 oaded 
*Tractor-semitrailer-full trai 1 er-full trailer (7 to 13 axles) 
empty and 1 oaded 
For simulation of braking performance, the program incorporates 
representation of truck air brake systems, antilock wheel control systems 
and tire-road friction models. Typical examples of braking studies for 
which i t  can be or has been used are: 
1 ) Stopping distance performance 
2 )  Effects of brake timing 
3 )  Dynamic behavior in braking 
4 )  Comparisons of antilock wheel control logic 
5) Influence of t i  re-road fr ic t ion coup1 i ng 
6) Spl i t  f r ic t ion surfaces 
7 )  Brake proportioning 
8) Tandem-axle effects on braking limits 
For simulation of cornering performance behavior, the program allows 
state-of-the-art representations of truck t i r e  lateral  force character- 
i s t i c s  (with roll-off effects during combined braking), and vehicle suspen- 
s ion properties of significance to cornering behavior. Typical examples 
of studies involving cornering are as follows: 
1 ) Unders teerloversteer properties of commercial vehicles 
2 )  Determining cornering 1 irni t s  
3 )  Assessing the tandem-axle effects on cornering 
4 )  Jackknife prediction 
5) Effects of suspension properties on cornering and 
cornering 1 i m i  t s  
6 )  Accident simulation 
I n  addition t o  the above, the program can be operated open-loop 
(defined steer angle inputs) or closed-loop (defined path input),  on roads 
of  specified grade or cross-slope, and on roads defined by the user. 
2.4 Val idation 
The validity o f  T3DRS:V1, 1 ike any computer program, i s  dependent 
on the accuracy and execution of program statements, the capabili t ies of 
the simulation models, and the quality of the vehicle and maneuver des- 
criptions defined by the input data. 
The basic modeling methods used in T3DRS:Vl have evolved from the 
predecessor programs. A general discussion of the capabi 1 i t i e s  and 
validation of these programs was provided to the FHWA as a Task B report 
in th i s  project, and i s  included in th is  report as Appendix B. 
The methods ref lect  the most practical approaches to mathematical 
representation of commercial vehicles for general study of braking and 
handling performance. Over the years, modeling has grown more in sophis- 
t ication than in de ta i l .  For example, early models for truck brake systems 
extending to mechanical detai ls  within the individual brakes have proven 
no more capable of predicting braking performance than the "black box" 
representation as a pressure-input, torque-output device. Hence the 
l a t t e r  approach i s  used in T3DRS:V1, with a substantial saving in the 
compl exi ty associated with understanding and using the simulation. \ti t h  
nearly every component model used in the simulation, there are instances 
where more modeling detai ls  would be appropriate for the study a t  hand; 
ye t ,  provision for every instance would resul t  in a simulation for which 
the input data requirements would be untenable. To some extent, these 
needs are provided for  in T3DRS:Vl by allowing optional use of lookup  
tables,  in 1 ieu of a single numerical parameter, as a means t o  describe 
component characteristics in more detai 1 when needed. 
Validation of a new computer program i s  an essential step. For 
T3DRS:Vl, the available possibi l i t ies  included comparison against analy- 
t ica l  models, other simulation programs on hand a t  the Ins t i tu te ,  and vehicle 
t e s t  data acquired by the Texas Transportation Inst i tute  [6]. The vali-  
dation plan, included as Appendix C ,  contained a l l  these elements. Para- 
metric data needed t o  describe the TTI t e s t  vehicle for the validation 
t e s t s  are given in Appendix D of th i s  report. 
2.4.1 Low-Speed Cornering, The simulation predictions of 1 ow- 
speed cornering behavior serve as a very fundamental check of programming 
accuracy, ensuring that kinematic equations and unit conversions are 
correct. Low-speed cornering can be modeled by closed-form analytical 
equations [7], Figure 4 shows a comparison of the T3DRS:Vl predictions 
of low-speed cornering behavior for trucks against analytical models and 
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Figure 4. Comparison o f  analytical , experimental and simul ation pre- 
dictions for 1 ow-speed cornering of a 1 oaded three-ax1 e 
straight truck. 
straight  truck loaded t o  44,500 1 b  (20,185 Kg) gross vehicle weight. At 
the selected eight-degree s teer  angle, the program predicts a path curva- 
ture i n  agreement with the analytical model and experimental data. Similar 
agreement may be expected a t  other s teer  angles. 
The c~rne r ing  of a three-axle vehicle differs  measurably from a 
simi 1 ar two-ax1 e vehicle because of the tandem-axle sides1 ip that  must 
occur. In addition, dual t i r e s  a l t e r  the cornering by the self-aligning 
movement they generate. These effects are included in th is  example, 
serving t o  verify the simulations representation of the effects.  
2.4.2 High-Speed Cornering. As speed increases in a cornering 
maneuver, the la teral  acceleration induces greater s l i p  angles a t  the 
wheels, vehicle roll  (and associated roll  s teer  e f f ec t s ) ,  and la teral  load 
transfer on the axles. Steady-state cornering i s  characterized by the 
unders teer  gradient representing the change in s teer  angle with increasing 
la teral  acceleration a t  a given radius of turn. 
Figure 5 shows the change in s teer  angle with la teral  acceleration 
for the same loaded three-axle s t raight  truck as in the previous figure. 
The experimental data covers a range of speeds and radii of turn [8]. The 
Phase I1 simulation and the T3DRS:Vl d i f fe r  s l ight ly,  b u t  inconsequentially, 
in the predictions of s teer  angle change with la teral  acceleration due t o  
s l ight  differences in behavior exhibited by the t i r e  models; b u t  both 
closely match the truck performance. 
In addition, both simulations exhibit 1 imi t behavior, indicated in 
the simulation runs by inabi l i ty  t o  achieve a steady-state turn, a t  just  
over 0.3 g ' s  la teral  acceleration, as was observed on the t e s t  vehicle, 
2.4.3 Transient Response. The transient response behavior of a 
vehicle i s dependent, among other things, upon i t s  iner t ia l  properties. 
A number of  different validation t e s t s  were performed t o  assess accuracy 
in predicting transient behavior. 
Figures 6 ,  7 ,  and 8 show comparisons of the T3DRS:Vl simulation with 
the TTI tractor-semitrailer t e s t  vehicle in terms of the significant motion 
parameters in J-turn maneuvers. The f i r s t  figure represents t e s t s  with 
the vehicle empty, whereas the second and third are for  the loaded 
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Figure 5. Comparison of experimental and simulated results for h i g h -  
speed cornering of a l oaded three-ax1 e truck. 
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Figure 6. Comparison of simulation with experimental results in a J -  
turn maneuver (TTI Test l88, empty, f i f t h  wheel -rear ,  t r a i l e r  
bogey-rear) . 
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turn maneuver (IT1 Tes t  $277, loaded, f i f t h  wheel -rear, 
t ra i ler  bogey-mid-posi t i  on).  
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t u r n  maneuver (TI1 Test  9285, loaded, f i f t h  wheel - rear ,  
t r a i  1 e r  bogey-forward) . 
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condition w i t h  d ifferent  locations of the sliding t r a i l e r  axle bogey. I n  
simulating these maneuvers, the actual t ractor  front-axle s teer  angles 
were used t o  define s teer  i n p u t  tables for  the simulation run. I n  a l l  
cases, good agreement between the t e s t  results and simulation i s  obtained. 
The magnitude of the differences observed i s  generally considered small 
for  th i s  type of validation procedure. I n  Figure 6 ,  much of the differ-  
ence i s  manifest as an apparent lag in the response of the simulation. 
However, that interpretation should not be applied because the s t a r t  of 
the t e s t  maneuver i s  n o t  defined that  accurately in time. Hence, i f  
desired, the registration of the simulation and t e s t  data could be validly 
altered t o  improve the agreement. 
Figures 9 ,  10, 11, and 12  show comparisons of the simulation with 
the TTI t e s t  vehicle in double lane-change maneuvers. The f i r s t  of these 
four figures i s  for  the empty vehicle, while the l a s t  three are for the 
loaded vehicle with different t r a i  1er axle bogey positions. For simul a- 
tion of the double lane-change maneuver, the lane-change path i s  defined 
in the simulation input allowing the path-follower model to  s teer  the 
vehicle. The front-wheel s teer  angles taken by the simulation closely 
replicate those used by the TTI t e s t  driver in accomplishing the maneuver. 
Again, the motion response of the simulation closely follows that  of the 
t e s t  vehicle, whether empty or loaded, and with the t r a i l e r  bogey in any 
of the three positions. 
Figures 13, 14, and 15 show a comparison of the step-steer response 
of a doubles combination predicted by T3DRS:Vl with that  obtained from 
the HSRI 1 inear doubles model [9] for  equivalent vehicle parameters. The 
principal differences between these models in the l inear range are ( 1 )  
the linear model operates a t  constant forward velocity and ( 2 )  side-to- 
side load transfer due t o  roll  i s  not accounted for  in the 1 inear model. 
2.4.4 Straight-Line Braking. Example comparisons of s t raight-  
l ine  braking performance are shown in Figures 16  and 17,  The experimental 
data i s  obtained from the TTI t e s t s  with partial  braking, both empty and 
loaded. The brake torque characteristics assigned to each axle in these 
simulation tes t s  were calculated from performance of the vehicle in 
axle-by-axle braking t e s t s  incorporated in the TTI t e s t  program. Figure 1 6 ,  
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Figure 9. Comparison of simulation with experimental r e su l t s  in a 
double lane-change maneuver (TTI Test #199, empty, f i  f t h  
wheel -midpoint, t r a i l e r  bogey-rear) . 
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Figure 10. Compar!son of sinu?ation with experimental results in a double 
lane-change maneuver (7: Test $316, loaded, f i f t h  wheel -mid- 
position, trailer bogey-forward) . 
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Figure 12. Comparison of simulation with experimental result; in a double 
lane-change maneuver ( 7 1  Test 2322,  loadea, fifth wheel-mid- 
position, trai :er bogey-rear) . 
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Figure 13. Tractor response comparison between 1 inear doubles model 
and T3DRS: V 1  simulation in a step-steer maneuver. 
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Figure 14. Semi trailer response comparison between 1 inear doubles model 
and T3DRS:Vl simulation in a step-steer maneuver. 
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F i g u r e  15. Pup t r a i l e r  response comparison between 1  i n e a r  doubles model 
and T3DRS: V l  s i m u l a t i o n  i n  a  s t e p - s t e e r  maneuver. 
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Figure 16. Comparison of simulation with experimental results in a 
straight-1 ine braking maneuver (TTI Test #77,  empty, 
fifth wheel-rear, trailer bogey-rear). 
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F igu re  17. Comparison of s imu la t i on  w i t h  experimental  r e s u l t s  i n  a  
s t r a i g h t - 1  ine brak ing  maneuver (TTI T e s t  $261 , loaded,  
f i f t h  wheel - r e a r ,  t r a i l e r  bogey-rear)  . 
for the empty t e s t s ,  shows the agreement in terms of tractor longitudinal 
acceleration and velocity time histories.  The loaded t e s t  of Figure 1 7  
shows t ractor  front a n d  rear suspension deflection, as we1 1 .  A1 t h o u g h  
these deflections are s t i l l  relatively small, even with the loaded combina- 
t ion, they are  included here t o  give an indication of the sinulation's 
capabi 1 i  ty for predicting those parameters. Good agreement i s  evident in 
the case of front suspension deflection. The relative error i s  larger in 
the case of the rear suspension, although that error i s  on the order of 
tenths of an inch, undoubtedly reflecting hysteretic effects.  
2.4.5 Braking in a Turn. Example comparisons of braking-in-a-turn 
maneuvers are shown in Figures 18, 19, 20, and 21. All examples are for 
a partial braking level equivalent t o  approximately 20 psi (140 kPa). 
The simulation input for these runs included the measured treadle pressure 
and measured s teer  angle of the front wheels. 
Figure 18 i s  for  the TTI t e s t  vehicle a t  the empty condition. 
Figures 1 9  and 20 are the TTI t e s t  vehicle loaded, with the t r a i l e r  axle 
bogey a t  the midpoint and forward positions, respectively. With the 
exception of the t ractor  roll angle in Figure 18, the s inulat ion 's  repli-  
cation of the vehicle behavior in each of the primary motion variables 
shown i s  very good, The turning maneuver a t  the beginning of the simula- 
tion run i s  evidenced by the immediate response in tractor lateral  
acceleration and roll  angle, with delayed response in t r a i l e r  la teral  
acceleration and articulation angle. The braking action a t  approximately 
four seconds into the t e s t  i s  seen in the longitudinal acceleration, 
shown for the tractor only in the figures. Since the turn radius i s  
nominally being held constant, the decreasing velocity a f te r  brake appl i - 
cation results in decaying lateral  acceleration for  the tractor a n d  
t r a i l e r  beyond th i s  point. 
The replication of tractor roll  angles i s  an issue requiring some 
discussion, n o t  so much because of serious shortcomings in the simulation 
as in ambiguities in i t s  measurement. I n  the simulation, the vehicle 
sprung mass is  treated as a rigid body. In practice, tractors have been 
observed to exhibit significant levels of roll  compliance in their  
frames [10,11]. (This i s  less of an issue with straight trucks because 
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Figure 18. Comparison of simulation with experimental resul ts  for  braking- 
in-a-turn maneuver (Ti1 Test 193, empty, f i f t h  wheel -rear ,  
t r a i l e r  bogey-rear) . 
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Figure 19. Comparison of simulation w i t h  experimental results in a braking- 
in-a-turn maneuver (TTI Test $281, loaded, fifth wheel-rear, 
trai 1 er bogey-midposi tion). 
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Figure 20. Comparison of simulation w i t h  experimental results i n  a 
braking-in-a-turn maneuver (TTI T e s t  5287, loaded, f i f t h  
wheel -rear,  t ra i  1 er bogey-forward) . 
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of the additional torsional s t i f fness  normal ly contributed by vocational 
bodies.) I n  effect ,  the roll  angle on the t ractor  varies with location. 
The variation in roll  angle a t  different points on the vehicle i s  of l i t t l e  
significance to  performance in 1 ow-1 eve1 cornering maneuvers and i s  sig- 
nificant only under certain circumstances in 1 imi t maneuvers [ I  I ] .  How- 
ever, the effect  can contribute to  poor agreement of rol l  angle data in 
validation. The roll  angle data in the TTI validation tes t s  was measured 
in the cab of the cab-over-engine tractor.  The high cab with i t s  compliant 
mount  t o  the front of the vehicle frame i s  prone t o  roll  somewhat inde- 
pendently of the rear of the vehicle. The resul t  i s  most evident as an 
exaggerated roll angle, especially in the low center of gravity (empty 
vehicle) t e s t  condition. For example, comparing Figures 18 and 19 which 
are maneuvers of comparable severity, the measured t ractor  roll  angle i s  
effectively equivalent even t h o u g h  one i s  the t e s t  of an empty vehicle 
and the other i s  loaded. Hence, on th i s  vehicle, cab roll i s  essentially 
independent of the loading condition. The simulation, however, shows 
the expected greater roll  angle with the loaded vehicle since the simulated 
t ractor  i s  rigid and coupled t o  the loaded t r a i l e r .  I n  e f fec t ,  the roll 
angle predicted by the simulation would be expected t o  agree much more 
closely with frame roll  angles measured near the f i f t h  wheel, rather 
than in the cab. 
Figure 21 i s  validation for a near l imit  braking-in-a-turn maneuver 
of a tractor-semi t r a i l e r  unit tested by HSRI [12]. The semitrailer was 
a van-type loaded t o  achieve a 73,937-1 b (33,538-kg) gross combination 
weight. I n  th i s  example, measured brake treadle pressure and front-wheel 
s teer  angles were used as input t o  the simulation. Rep1 ication of the 
tractor yaw rate ,  1 ateral acceleration and 1 ongi tudinal deceleration were 
found t o  be very good. 
From the numerous examples t h a t  have been given here, i t  i s  con- 
cl uded that the T3DRS: V 1  computer simulation program i s  effectively free 
of errors;  and with the models used, i t  i s  capable of validly predicting 
the behavior of heavy vehicles in braking and directional response. Test- 
ing the -simulation up  t o  the 1 imits of cornering performance (as in 
Figure 5 ,  Figure 21, and in other simulation tes t s  that have been done 
a t  HSRI) indicates that the validity applies in maneuvers u p  t o  the l imits 
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Figure 21. Comparison of simulation w i t h  experimental results i n  a 
braki ng-i n-a-turn maneuver (HSRI test  of a tractor- 
semitrailer [12]) .  
of rollover. The small angle assumptions used in the model representation, 
however, suggest that errors will increase when roll angles, s l i p  angles 
or articulation angles approach 20 degrees. In general, t h i s  condition 
i s  well beyond the normal maneuvering limits of heavy vehicles. For 
example, rollover with a heavy vehicle i s  usually imminent once body roll  
angles approach 8 or 10 degrees. 
Ultimately, the determinant of val idi ty i s  the user-suppl ied input 
data and the interpretation applied t o  the results.  I n  the special case 
where a direct  comparison between a vehicle and simulation ( i , e . ,  valida- 
t ion) i s  intended, the acquisition of accurate experimental measurements 
and vehicle data i s  costly and time consuming. Fortunately, the usefulness 
of these simulation programs are n o t  dependent on every user going through 
the same process. In most applications, the simulation i s  used for study- 
ing general ized performance and sensi t ivi ty  of performance t o  vehicle ' 
parameters. I n  such cases, the user can assume, for example, a given t i r e  
characteristic and investigate vehicle performance with that  t i  re ,  know- 
ing that  i t  i s  typical,  b u t  yet ,  n o t  precisely equivalent to any specific 
t i  re on hand. 
2.5 Documentation 
The new documentation specific t o  the T3DRS:Vl program i s  contained 
in the User's Manual [4] and the Programmer's Manual [5]. While these, 
respectively, describe the external (inputloutput) and internal (program 
statements and flow) characteristics of the program, i t  i s  not practical 
t o  assemble the rationale, models, and execution of every aspect of the 
simulation in these documents. Over the years, a number of pub1 ications 
have been produced by this  Inst i tute  describing detai 1s in the develop- 
ment of heavy vehicle computer simulations. Most of these publications 
are available in the 1 ibraries and may be referred t o  when specific ques- 
tions arise.  Where i t  i s  necessary t o  determine the exact detai ls  of 
execution within T3DRS:V1, the appropriate section o f  the Programmer's 
Manual should be consulted. 
As an aid t o  program users, general areas of interest  are discussed 
below w i t h  references suggested as a scurce of more detailed exposition. 
2,5.1 Inpu t /Ou tpu t .  The i n p u t / o u t p u t  parameters and f o r m a t  a r e  
un ique  t o  t h e  T3DRS:Vl program, The User ' s  Manual [4] g i v e s  a  d e t a i l e d  
d e s c r i p t i o n  o f  each l i n e  o f  i n p u t ,  i t s  l o c a t i o n  i n  t h e  i n p u t  stream, 
e n g i n e e r i n g  u n i t s  and t h e  f o r m a t  r e q u i r e d .  L i kew ise ,  i t  p r o v i d e s  a  de- 
t a i l  ed d e s c r i p t i o n  o f  t h e  o u t p u t  a v a i  1  ab le ,  i n d i c a t i n g  where each parameter 
i s  found i n  t h e  o u t p u t  and t h e  i n t e r p r e t a t i o n  o f  i t s  value.  The i n e r t i a l ,  
body- f  i xed and ti r e  c o o r d i n a t e  systems a r e  d e s c r i  bed as needed t o  i n t e r -  
p r e t  t h e  o u t p u t  data .  
2.5.2 Program Statements.  The program s ta tements  and f l o w  a r e  
un ique t o  T3DRS:Vl. The Progratiuner's Manual [ 5 ]  d e s c r i b e s  t h e  i n t e r n a l  
s t r u c t u r e  o f  t h e  program i n  terms o f :  
-A map o f  s u b r o u t i n e  c a l l  s  
-Flow c h a r t s  
-D iscuss ion  o f  each s u b r o u t i n e  
-Tables o f  v a r i a b l e s  
-Programmi ng conven t ion  
-Source 1  i s t  
2.5.3 Equat ions o f  Mot ion.  The equa t ions  o f  m o t i o n  f o r  t h e  sprung 
and unsprung masses a r e  c o n t a i n e d  i n  t h e  s u b r o u t i n e  FCTl o f  T3DRS:Vl. 
Appendix E o f  t h e  U s e r ' s  Manual [4] c o n t a i n s  a  genera l  d i s c u s s i o n  o f  t h e  
equa t ions  o f  mot ion.  The a c t u a l  equa t ions  i n  t h e i r  genera l  f o r m  a r e  g i v e n  
on page 167 o f  t h e  Programmer's Manual [5] and a r e  d i scussed  i n  S e c t i o n  
2.3.4. A more e x t e n s i v e  d i s c u s s i o n  o f  t h e  methods used i n  f o r m u l a t i n g  
t h e  equa t ions ,  t h e  a x i s  systems used, and t h e  E u l e r  ang le  t r a n s f o r m a t i o n s  
i s  a v a i l a b l e  i n  Chapter 2  and Appendix B o f  t h e  Phase I 1  program r e p o r t  
[2]. The method o f  s o l v i n g  these  equa t ions  i n v o l v e s  c e r t a i n  approxima- 
t i  ons t h a t  have been developed as t ime-sav ing  methods i n  s i m u l a t i o n  and 
a r e  d e s c r i b e d  i n  S e c t i o n  3.3.2.1 o f  t h e  Phase I 1  r e p o r t  [2]  and i n  
Reference [I 31. 
Time-saving methods have a l s o  been a p p l i e d  t o  c a l c u l a t i o n s  i n  t h e  
t , i r e  r o t a t i o n  degree o f  freedom t h a t  avo ids  t h e  n e c e s s i t y  o f  an i n t e g r a -  
t i o n  s tep .  The t r e a t m e n t  i s  d e s c r i b e d  i n  t h e  Phase I 1  r e p o r t  [Z], S e c t i o n  
3.2.4, and i n  Reference [14]. 
The t i r e  model has been changed from t h a t  used in ear l ie r  programs 
and the description given in the User's Manual [4], Section 3.3.3, 
should be applied. 
The operation of the brake system i s  governed by equations given in 
the Phase 111 report [3], Section 2.3.1. The antilock system simulation 
i s  discussed in Appendix D of the User's Manual [4]. 
Calculations of the reactions within the suspension systems are 
rather straightforward with two exceptions: ( 1 )  coulomb fr ic t ion i s  
represented by a limiting function as described in Section 2.3.2 of the 
Phase I report [ I ]  and in Reference [15] and ( 2 )  tandem suspensions may 
exhibit load transfer in braking. The representation of these effects 
occur in subroutine LINE of T3DRS:Vl. For de ta i l s ,  the user should con- 
sul t the Programmer's Manual [5], Section 2.3.9 and  page 216, 
All hitch points ( f i f t h  wheel and pintle hook)  in T3DRS:Vl are 
treated as spring connections as a time-saving method. Details are 
available in the Phase I1  report [2],  Section 3.5.1 and in Reference [15]. 
Details of the fu l l - t r a i l e r  dolly hitch and  modeling are contained in the 
User's Manual, Section 3.5.1. 
3.0 TRAINING SEMINAR 
A t  t h e  s tage  i n  t h e  p r o j e c t  where t h e  computer s i m u l a t i o n  program 
had been p r o v i d e d  t o  t h e  FHWA and had ach ieved  o p e r a t i o n a l  s t a t u s  on 
t h e i r  computer f a c i l i t i e s ,  a  T r a i n i n g  Seminar was h e l d  by t h e  p r o j e c t  
r e s e a r c h  s t a f f .  The Seminar was h e l d  on September 25 and 26, 1979, i n  t h e  
a u d i t o r i u m  a t  t h e  Fa i rbanks  Highway Research S t a t i o n  i n  McLean, V i r g i n i a .  
P r e s e n t a t i o n s  by t h e  HSRI s t a f f  were g i v e n  on t h e  f i r s t  day. A  work ing  
s e s s i o n  on t h e  second day p r o v i d e d  o p p o r t u n i t i e s  f o r  t h e  FHWA s t a f f  and 
o t h e r  a t tendees t o  e x e r c i s e  t h e  program under t h e  gu idance o f  HSRI s t a f f  
members, The a t tendees  i n c l  uded r e p r e s e n t a t i v e s  f r o m  t h e  Federa l  Highway 
A d m i n i s t r a t i o n ,  N a t i o n a l  Highway T r a f f i c  S a f e t y  A d m i n i s t r a t i o n ,  t h e  Johns 
Hopkins U n i v e r s i t y l A P L  and i n d u s t r y .  Tab le  1  i s  a  l i s t  o f  t hose  who 
a t tended.  
The purpose of  t h e  T r a i n i n g  Seminar was t o  p r o v i d e  v e h i c l e  dynami- 
c i s t s  and p o t e n t i a l  users  o f  t h e  s i m u l a t i o n  program w i t h :  
-A genera l  ove rv iew and d e s c r i p t i o n  o f  t h e  program and 
model i n g  used 
-A f a m i l i a r i z a t i o n  w i t h  t r u c k  components, t h e i r  model i n g  
r e p r e s e n t a t i o n ,  and p a r a m e t r i c  va lues 
-A d i s c u s s i o n  o f  a p p l i c a t i o n s  f o r  which t h e  program i s  
i n t e n d e d  w i t h  a s s o c i a t e d  l i m i t a t i o n s  and an assessment o f  
v a l i d i t y  
-A d e t a i l e d  d e s c r i p t i o n  o f  i n p u t  requ i rements  and i n t e r -  
p r e t a t i o n  o f  t h e  o u t p u t  o b t a i n e d  
- I n f o r m a t i o n  on program d i a g n o s t i c s  
- F i r s t - h a n d  exper ience  i n  program o p e r a t i o n  
A  genera l  ove rv iew of t h e  c o n t e n t  o f  t h e  p r e s e n t a t i o n s  on t h e  f i r s t  
day i s  g i v e n  i n  t h e  program agenda shown i n  F i g u r e  22. T h i s  p o r t i o n  o f  
t h e  Seminar was reco rded  by FHWA s t a f f  on an aud io  tape  r e c o r d e r .  
The work ing  sess ion  on t h e  second day was conducted i n  t h e  same 
a u d i t o r i u m  u s i n g  on-1 i n e  t e r m i n a l s  s e t  up by t h e  FHWA. S i m u l a t i o n  runs  
Table  1. L i s t  o f  T r a i n i n g  Seminar P a r t i c i p a n t s  
Truck and T r a c t o r - T r a i  1 e r  Dynamic Response S i m u l a t i o n  T3DRS:V1, FHRS, 
September 25-26, 1979. 
Name A f f i l i a t i o n  
Dav id  Sol  omon 
John V i n e r  
Michae l  F r e i  t a s  
Leonard Mecz kows k i  
Mor t  Oskard 
Steven Bres 1 i n  
Glenn G. Balmer 
L l o y d  R. Cayes 
Thomas Krylows k i  




E r i c  Munley 
Yvonne A. C larkson 
Rober t  C l a r k e  
S i d  W i l l  iams 
Paul Bohn 
Mike B u t l e r  
A lec  Chen 
C h r i s t o p h e r  Wink1 e r  
Paul Fancher 
Thomas G i  1 l e s p i  e 
G a r r i c k  Hu 
C h a r l  es MacAdam 
FHWA, O f f i c e  of Research 
FHWA, O f f i c e  o f  Research 
FHWA, O f f i c e  o f  Research 
FHWA, O f f i c e  o f  Research 
FHWA, O f f i c e  o f  Research 
FHWA, O f f i c e  o f  Research 
FHWA, O f f i c e  o f  Research 
FHWA, O f f i c e  o f  Research 
FHWA, O f f i c e  o f  Research 
FHWA, O f f i c e  o f  Research 
FHWA, O f f i c e  o f  Research 
FHWA, O f f i c e  o f  Development 
FHWA, O f f i c e  o f  Devel opmen t 
FHWA, Off i c e  o f  Development 
FHWA, Data Systems D i v i s i o n  
NHTSA O f f i c e  o f  Heavy Duty V e h i c l e  Res. 
NHTSA O f f i c e  o f  Heavy Duty V e h i c l e  Res. 
A p p l i e d  Phys ics  L a b o r a t o r y  
Appl i e d  Phys ics  L a b o r a t o r y  
Ford Motor  Company 
H S R I  
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T. G i l l e s p i e  
C. MacAdam 
P. Fancher 
T. G i l l e s p i e  
P. Fancher 
T. G i l l e s p i e  




T, G i l l e s p i e  
G. Hu 
I tems 
1 )  I n t r o d u c t i o n s  
2 )  D e s c r i p t i o n  o f  t h e  S imu la t i on  Program 
a )  Background on HSRI t r u c k  research and 
computer program development 
b )  Model i n g  approach 
c )  I n t e r n a l  program s t r u c t u r e  
d )  Overview o f  i n p u t  
e )  Overview o f  ou tpu t  
3 )  A p p l i c a t i o n s  
a )  Hand1 i n g  s tud ies  
b)  Brak ing  s t u d i e s  
c )  Val i d a t i o n  
d )  L i m i t a t i o n s  
4 )  D e t a i l e d  D e s c r i p t i o n  o f  Input /Output  
a )  Sprung mass model ing 
b) Suspensions 
c )  T i r e s  
d )  Brakes 
e )  A n t i l o c k  
f )  Output 
g)  D iagnos t i cs  
5 )  Working Session, Second Day 
F igu re  22. T r a i n i n g  Seminar Agenda 
of straight trucks and doubles combinations were performed, examining high- 
speed step-steer maneuvers, double lane changes control led by the path- 
follower model, and vehicle performance with s teer  of only a single front 
wheel. Simulation o u t p u t  was available on a local l ine printer so that 
results could be obtained and discussed in a timely manner. The working 
session served as an excellent forum for informal discussion between 
potential users of the program and the HSRI s t a f f .  
4.0 STUDY OF SIZE AND WEIGHT 
The ultimate objective in developing th is  computer simulation program 
for the FHWA i s  i t s  ut i l izat ion as an engineering tool in assessing the po- 
tent ia l  consequences of changes in s ize and weight l imits applied t o  heavy 
vehicles. The consequences of interest  are those that  have direct influence 
on highway safety and on the structural loadings affecting long-term perfor- 
mance on the highway. Methodology for using the simulation t o  investigate 
the influence of truck size and weight in th i s  context was developed in the 
project. The method01 ogy addressed the issues of how vehicle performance 
could be measured and how a prototype study might be designed. 
4.1 Vehicle Performance Measures 
The ideal measure of highway safety that would be used to  assess the 
influence of changes in truck s ize and weight 1 imits would be based on 
correlation of accident s t a t i s t i c s  with vehicle types and performance charac- 
t e r i s t i c s .  A 1 i terature review was conducted t o  identify the performance 
measures that could be applied t o  heavy vehicles as a potential correlate 
of accident frequency. In general, specific relationships between vehicle 
handl ing characteristics and accident causation were found t o  be nonexistent. 
Rather, the state-of-the-art in measurement of vehicle performance by auto- 
motive manufacturers, research organizations and the Federal government i s  
represented by measures that have only an intui t ive link t o  highway safety. 
Twelve major pub1 ications representing a cross-section of the organi - 
zations involved in vehicle handl ing research were reviewed, cataloging the 
various measures of performance that  have been used or proposed. Five of 
these are speci f ical  ly directed toward measurement of performance of com- 
mercial vehicles. The measures were analyzed t o  select those which would 
cons t i  tute  appropriate measures of the dynamics of cornering and braking 
by which to discriminate the influences of truck size and weight. A summary 
report of  th i s  study i s  included as Appendix A of t h i s  technical report. 
Table 13, Appendix A ,  l i s t s  the proposed performance tes t s  defined in terms 
of  the maneuver t o  be conducted, the performance measures t o  be acquired, 
and the acceptance c r i t e r i a  that may be applied. 
4.2 S ize and Weight Study P lan  
I n  t h e  o r i g i n a l  s ta tement  of t h i s  p r o j e c t ,  a  s tudy  o f  s i z e  and weight  
e f f e c t s  w i t h i n  t h e  p r o j e c t  was planned. That i n t e n t  was r e f l e c t e d  i n  de- 
velopment of a  Phase I1  Study P lan  i nc l uded  as a  p a r t  o f  Appendix C t o  t h i s  
r e p o r t .  The execu t ion  o f  t h a t  p l a n  was l a t e r  dropped as an a c t i v i t y  w i t h i n  
t h e  p r o j e c t  because o f  resource 1  i m i t a t i o n s .  The p l a n  i t s e l f ,  however, serves 
as an example o f  t h e  method by which t h e  e f f e c t s  o f  s i z e  and we igh t  may sys- 
t ema t i ca l  l y  be i nves t i ga ted .  
Seven v e h i c l e s  a re  de f ined ,  beg inn ing  w i t h  a  t y p i c a l  f i ve -ax1  e  t r a c t o r -  
s e m i t r a i l e r  combinat ion.  From t h a t  base1 ine ,  a d d i t i o n a l  v e h i c l e s  a r e  proposed, 
r e f l e c t i n g  t h e  f o l l o w i n g  changes: 
1 )  An i nc rease  i n  f r o n t  a x l e  l o a d  
2 )  An inc rease  i n  t r a c t o r  and t r a i l e r  tandem a x l e  loads 
3 )  An i nc rease  i n  bo th  f r o n t  a x l e  and tandem a x l e  loads  
4 )  The same i nc rease  i n  a x l e  loads w i t h  an a p p r o p r i a t e  inc rease  
i n  cen te r  o f  g r a v i t y  h e i g h t  
5 )  An inc rease  i n  a x l e  loads w i t h  an app rop r i a t e  i nc rease  i n  
t r a i l e r  l e n g t h  
6 )  An i nc rease  i n  a x l e  loads w i t h  an inc rease  i n  a x l e  r a t i n g s  
(by  app rop r i a t e  paramet r i c  changes). 
F i v e  maneuvers a re  proposed i n  t h e  Study Plan, s i m i l a r  t o  those p ro -  
posed i n  t h e  performance measures o f  Appendix A. D i f f e rences  i n  t h e  cond i -  
t i o n s  o f  t he  t e s t  r e f l e c t  l i m i t a t i o n s  o f  t h e  s i m u l a t i o n  a t  t h e  t ime  t h e  p l a n  
was prepared ( i  .e., open-loop s i  nuso ida l  s t e e r  maneuvers r a t h e r  than c losed-  
loop  lane  change r e q u i r i n g  t h e  p a t h - f o l  lower  model , n o t  y e t  a v a i l a b l e ) .  
A d d i t i o n a l l y ,  some o f  t h e  d i f f e r e n c e s  r e f l e c t  more severe t e s t  maneuvers 
t h a t  can be r e a d i l y  a t tempted i n  s i m u l a t i o n  r a t h e r  than i n  ac tua l  v e h i c l e  
t e s t i n g ,  
5.0 CONCLUSIONS 
Inasmuch as th is  project has been primarily concerned with develop- 
ment of tool s and methodology without actual ly making assessments of the 
effects  of increased truck s ize and weight on dynamic behavior, the con- 
clusions are limited to  summary statements relating t o  the simulation pro- 
gram and i t s  application t o  the problem. 
The conclusions are as follows: 
1 )  The T3DRS:Vl computer simulation program provided to the FHWA, 
in the opinion of HSRI, i s  considered t o  be the most versat i le  and easily 
used simulation currently available for  investigating the dynamic behavior 
of heavy vehi cl es . 
2 )  The subject program has been made operational on computer facil  i -  
t i e s  designated by the FHWA, and use of the program by FHWA s ta f f  has been 
demonstrated. 
3) The T3DRS:Vl program i s  capable of validly predicting braking 
and directional response behavior of trucks, tractor-semi t r a i  l e r s ,  doubles 
and t r ip les .  
4) The program i s  a suitable tool for studying the effects of truck 
s ize and weight through i t s  capabi 1 i t y  t o  characterize performance changes 
in any selected maneuver with variations in s ize and weight. 
6.0 RECOMMENDATIONS 
I n  order t o  ful ly  u t i l ize  the products of this  project, the HSRI 
recommends that : 
1 )  The FHWA regularly use and maintain the computer simulation pro- 
gram a t  their  f ac i l i t i e s .  The proper application of the program requires 
personnel with knowledge and experience in heavy vehicle simulation. Regu- 
l a r  use will develop those sk i l l s .  Failure t o  use a program usually results 
in i t s  eventual relegation t o  a nonfunctional status.  
2 )  The FHWA use the program in a systematic study of the effects of 
increased truck s ize and weight. The investigation should be directed t o -  
ward identifying the dynamic performance changes associated with different 
size and weight l imits as applied t o  vehicles of alternative design config- 
urations. Specifically, the investigation can be used t o  identify veh'icle 
design factors (such as t i r e  or brake s ize)  t h a t  should be upgraded as a 
condition for allowing increases in truck s ize or weight. 
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APPENDIX A 
AN ANALYSIS OF HEAVY TRUCK CORNERING AND BRAKING 
PERFORMANCE MEASURES 
Summary Repor t  
f o r  t h e  FHWA P r o j e c t  
" S i m u l a t i o n  o f  t h e  E f f e c t s  o f  Inc reased  
Truck S i z e  and Weight "  
C o n t r a c t  No. DOT-FH-11-9330 
Highway S a f e t y  Research I n s t i t u t e  
The U n i v e r s i t y  o f  M ich igan  
Ann Arbor ,  M ich igan  48109 
31 December 1977 
INTRODUCTION 
Proposals are frequently made to  a1 low increases in the weight 
and s ize 1 imi t s  for trucks and t rac tor - t ra i le r  combinations operating 
on the national highway system. A rational evaluation of  these 
proposals requires measures by which to weigh the relat ive advantages 
and disadvantages of such changes. Tne advantages, which may be 
largely economic, are advocated by the trucking industry i t s e l f .  The 
disadvantages are mostly centered about concerns relating to com- 
promises in the safety of highway travel ,  a n d  t o  potential for 
accelerated deterioration of the highway pavement and structures.  
The overall objective of th i s  project, "Simulation of the Effects 
of Increased Truck Size and Weight," i s  to provide the Federal High- 
way Administration with an operational version of the MVMA/HSRI , 
Directional Response Simulations for  trucks and t ractor- t rai  1 ers , as 
analytical tools for  study of the influences of s ize and weight on 
safety and highway structural loadings. I n  order t o  evaluate those 
influences, a methodology for use of the simulation programs i s  
required. The methodology must consist of three elements: 
1 ) Test maneuvers covering the range of highway maneuvers 
2 )  Performance measures to quantify the vehicle behavior 
in the maneuver 
3 )  Criteria by which t o  interpret the performance measures. 
This report summarizes the methodoiogy developed in other major 
research programs in which performance measures applicable ei ther  
t o  actual t e s t  vehicles or computer simulation vehicles were re- 
quired. Additionally, a proposed se t  of performance measures, 
appropriate in the context of th is  project, for evaluating the effects 
of truck size and weight are  developed. 
L I T E R A T U R E  SURVEY 
The frequency of accidents, in jur ies ,  and f a t a l i t i e s  are the 
common yardsticks of highway safety.  Therefore, i t  might be an t i -  
cipated that  the correlation of accident s t a t i s t i c s  with vehicle 
types and performance character is t ics  has been addressed in the 
1 i  terature.  A recent pub1 ication, "A Methodology for Determining 
the Role of Vehicle Hand1 ing in Accident Causation," [ I ]  provides an 
excellent summary of the s t a t e  of knowledge with regard t o  that  
problem in the passenger car f i e l d .  I n  general, that study concludes 
that specific relationships between vehicle handl ing characteristics 
and accident causation are d i f f i c u l t  t o  establish because of factors 
such as the following: 
I j Driver habits are  thought to correlate with vehicle types 
such that accident s t a t i s t i c s  may ref lec t  driver as well 
' 
as vehicle character is t ics .  
2)  I t  i s  d i f f i cu l t  to establish a t  what level of perfor- 
mance to judge handl ing behavior deficient in contrast 
t o  roadway or driver deficiencies.  
3)  Studies by even the most competent researchers often 
1 ead t o  contradictory resul t s  and frequently ref1 ect  the 
search for only the one accident causative factor of 
interest  to the researcher. 
Although a few trends are noted in that  report, their  applicabiii ty 
t o  truck handl ing appears t o  be inappropriate and insupportable. 
( I t  should be noted that the term "handling" i s  used here a1 - 
t h o u g h  i t  has no universally accepted meaning. I n  the broadest 
sense, " handl ing" encompasses the 1 a teral  and longitudinal behavior 
o f  the driver/vehicle/roadway combination. The interest  in th i s  
project includes the same broad areas 1 imi ted only in that the 
driver variable in vehicle "handling" i s  n o t  d irect iy  treated; rather,  
specific vehicle maneuvers will be considered in which the driving 
task will be measured by the control inputs required t o  accompl ish 
the maneuver. ) 
D e s p i t e  t h e  u n c e r t a i n  1  i n k  between v e h i c l e  per formance c h a r a c t e r -  
i s t i c s  and a c c i d e n t  c a u s a t i o n ,  t h e  s u b j e c t  o f  v e h i c l e  per formance 
m e r i t s  and measures i s  b e i n g  a c t i v e l y  i n v e s t i g a t e d  b y  t h e  a u t o m o b i l e  
manufac turers ,  a u t o m o t i v e  research  o r g a n i z a t i o n s ,  and t h e  Federa l  
government. These i n v e s t i g a t i o n s ,  c e n t e r i  ng around t h e  NHTSA p r o -  
curements f o r  v e h i c l  e  hand l  i ng t e s t  p rocedures ,  t h e  Exper imen ta l  
S a f e t y  V e h i c l e  Program, and a u t o m o t i v e  i n d u s t r y  r e s e a r c h  s t a f f ,  have 
r e s u l  t e d  i n  numerous pub l  i c a t i o n s  [Z-141. 
The v e h i c l e  performance measures can t a k e  many fo rms .  I n  t h e  
a n a l y t i c a l  sense t h e  per formance can be q u a n t i f i e d  by  i t s  dynamic 
p r o p e r t i e s - - g a i n s ,  n a t u r a l  f requency,  damping r a t i o ,  e t c .  A1 t e r n a -  
t i v e l y ,  i t  can be q u a n t i f i e d  by measures o f  any o f  t h e  l a r g e  number 
o f  m o t i o n  v a r i a b l e s  such a s  t r a n s l a t i o n a l  and r o t a t i o n a l  d i s p l a c e -  
ments and d e r i v a t i v e s ,  o r  d e r i v e d  q u a n t i t i e s  such as  u n d e r s t e e r  . 
g r a d i e n t .  And a t  t h e  extreme, 1  i m i  t c o n d i t i o n s  such as  c r i t i c a l  
v e l o c i t y ,  r o l l o v e r  t h r e s h o l  d, and s p i n o u t  t h r e s h o l  d  can be used. 
The 1  i t e r a t u r e  on v e h i c l  e  handl  i ng per formance has been rev iewed  
w i t h  t h e  o b j e c t i  ve o f  c a t a l  o g i  ng t h e  v a r i o u s  measures o f  per formance 
t h a t  have been used o r  proposed.  Tab les  1-12 summarize t h e  measures 
used i n  m a j o r  pub l  i c a t i o n s  s e l e c t e d  t o  r e p r e s e n t  a c r o s s - s e c t i o n  of  
t h e  o r g a n i z a t i o n s  i n v o l v e d  i n  v e h i c l e  h a n d l i n g  r e s e a r c h .  The t a b l e s  
1  i s t  t h e  maneuver per formed,  t h e  performance measure app l  i e d ,  and, 
when a v a i l a b l  e, t h e  c r i t e r i a  a g a i n s t  wh ich  t h e  per formance measure i s  
judged. 
Tab1 e  1  1  i s t s  s e l e c t e d  per formance measures a p p r o p r i a t e  t o  t h i s  
p r o j e c t  deve loped i n  t h e  Research S a f e t y  V e h i c l e  Program and i t s  
predecessor,  t h e  Exper imen ta l  S a f e t y  V e h i c l e  Program. The RSV Pro-  
gram r e p r e s e n t s  t h e  most  d e f i n i t i v e  e f f o r t  t o  d e v e l o p  passenger c a r  
handl i n g  c r i t e r i a  o f  any program, a1 though t h e  app l  i c a t i o n  t o  
c o m e r c i a l  v e h i c l e s  would, i n  most  cases, be i n a p p r o p r i a t e .  
Tab les  2-5 r e p r e s e n t  summaries o f  t h e  l a t e s t  p u b l i s h e d  t r u c k  and 
bus h a n d l i n g  per formance ana lyses  b y  t h e  ma jo r  independent  r e s e a r c h  
o r a a n i z a t i o n s  i n  t h e  U n i t e d  S t a t e s ,  i n c l u d i n g :  
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Sys terns Techno1 ogy, I nco rpo ra ted  
Bendix Research Labo ra to r i es  
Highway Safety  Research I n s t i  t u t e /The  U n i v e r s i t y  o f  M ich igan  
I l l i n o i s  I n s t i t u t e  o f  Technology 
Tabl e 6 summarizes commerci a1 v e h i c l  e handl i n g  t e s t s  developed by 
t h e  Na t i ona l  Swedish Road and T r a f f i c  Research I n s t i t u t e  and i nc l udes  
s p e c i f i c  c r i t e r i a  by which t o  judge  t h e  performance. 
Tabl es 7-1 2 summarize handl i n g  performance measures r e f l e c t i n g  
t h e  most r e c e n t  publ i c a t i o n s  from o t h e r  ma jo r  o r g a n i z a t i o n s  con- 
cerned w i t h  v e h i c l e  hand1 i n g .  S ince  no c o r p o r a t e  handl i n g  s tandards 
a re  publ i shed by t h e  ma jo r  au tomot i ve  manufac tu re rs ,  r e p r e s e n t a t i v e  
publ i c a t i o n s  from i n d i v i d u a l s  i n  t h e  Fo rd  Motor  Company and t h e  
General Motors  Co rpo ra t i on  were s e l e c t e d  f o r  Tables 9 and 10. 
TRUCK PERFORMANCE MEASURES 
The l i s t e d  re ferences and o t h e r s  were rev iewed as background f o r  
i d e n t i f i c a t i o n  of a number o f  performance measures by which t o  
eva lua te  t h e  e f f e c t s  o f  i nc reased  t r u c k  s i z e  and we igh t .  Inc reased  
s i z e  and we igh t  a f f ec t s  performance i n  a broad spectrum o f  ways. 
The performance measures cons idered  he re  a r e  o n l y  i n t ended  t o  en- 
compass t h e  dynamics o f  c o r n e r i n g  and b r a k i n g  and s p e c i f i c a l l y  
exc lude o t h e r  aspects such as t h e  f o l l o w i n g :  
G r a d e a b i  1 i ty and t r a f f i c  compat i  b i l  i t y  
-Maneuverab i l  i t y  ( l ow  speed t u r n i n g  and o f f  t r a c k i n g )  
-Emergency b r a k i n g  and grade h o l d i n g  
A c c i d e n t  damage 
O f  t h e  many types  o f  maneuvers and per formance measures p re -  
sented i n  t h e  l i t e r a t u r e ,  many a r e  s i m i l a r  i n  na tu re ,  d i f f e r i n g  o n l y  
i n  name o r  by v i r t u e  o f  be ing  open- o r  c losed- loop .  The rev i ew  was 
conducted w i t h  t h e  i n t e n t  t o  s e l e c t  performance measures by t h e  
f o l l o w i n g  c r i t e r i a :  

Tab1 e 7 .  H S R I  - V e h i c l e  I iandl i n g  Performance [8]. 
Maneuver -- Performance Measure C r i t e r i a  - 
S t r a i g h t - L i  ne Brak ing 
-40  mph 
- V a r i a b l e  b rak ing  
Brak ing I n  A Turn 
040  niph, 0.3 g ' s  
-Va r i ab le  b rak ing  
Maximum Dece le ra t i on  
(wheel s unlocked, average 
35 t o  10 mph) 
Maximum Dece le ra t i on  
Peak S i d e s l i p  Rate 
Average Path Curvature 
Roadholding I n  A Turn Peak S i d e s l i p  Rate 
-30 mph, 0.4 g ' s  Average Path Curvature 
*Va r i ab le  Roughness Frequency 
0-l 
0 
Trapezoidal  Steer 
-40  rnph 
~ V a r i a b l  e S teer  Angle 
Average Path Curvature 
Peak S i d e s l i p  Angle  
S i  nusoidal  Steer  Lane Change D e v i a t i o n  
-45 and 60 mph Peak S i d e s l i p  Angle 
- V a r i a b l e  Steer  Amp1 i t u d e  
D r a s t i c  Steer  and Brake Peak R o l l  Angle 
-50 and 60 rnph 
-Va r i ab le  s tee r  ang le  
- V a r i a b l e  brak ing i n t e r v a l s  
Comparative Performance 
Comparative L i m i t s  a t  Spin-Out 
and Plow-Out 
Comparative Performance 
Comparative L i m i t s  a t  P310w-Out, 
Spin-Out, o r  R o l l o v e r  
Compara t i  ve Performance 
Comparative L i r n i t s  o f  Ro l l ove r  
Table 8. Sys tems Technology Inc.  - Automobile Control l a b i l  i t y  Requirements [9]. 
Maneuver Performance Measure C r i t e r i a  
Normal Driving Steady-State  Yaw Velocity Gain .2  t o  - 4  deg/sec per Degree 
a t  50 mph Steer ing  Wheel 




1 ) Sensi t ivi ty  t o  truck s ize and weight 
2 )  Meaningful interpretation 
3 )  Representative of the range of typical highway 
maneuvers 
4 )  Appropriate fo r  evaluation by computer simulation 
or vehicle t e s t .  
In the selection process, many types of maneuvers and t e s t  conditions 
were eliminated for  being inappropriate or dangerous w i t h  heavy 
trucks or for  having no relevance t o  the size and weight issues.  
Table 13 i s  a summary of the selected performance measures 
arranged by type of maneuver.. Specific c r i t e r i a  are  presented as 
available and appropriate; no attempt has been made to  develop new 
c r i t e r i a  within the context of th i s  project. 
In the sections tha t  follow, the items in Table 13 are  dis-  
cussed, presenting the rational e for the i r  selection. The selection 
draws on the references cited previously as we1 l  as current concerns 
wi thi n the research comrnuni ty w i t h  respect t o  c r i  t ical  truck perfor- 
mance measures; and has.the objective of encompassing the necessary 
and suf f ic ien t  maneuvers to discriminate the i nfl uences on cornering 
and braking of truck s ize and weight. 
BRAKING 
Two aspects of braking performance are  of in te res t  with respect 
to accident avoidancestopping distance and s t a b i l i t y .  With few 
exceptions, short stopping distance has been accepted as a desirable 
a t t r ibu te  of vehicl e performance. The Federal ilotor Vehicle Safety 
Standard No. 121 provides an accepted c r i t e r i a  for  judgment of 
straight-1 ine braking abil i  t y .  Test conditions representing the 
extremes of performance are  l i s t ed .  
S tab i l i t y  in braking i s  n o t  well defined in the s t raight- l ine 
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1 
be e x c i t e d ,  and i n  r e a l  wo r l d  t e s t i n g ,  d r i v e r  s k i l l  i n f l u e n c e s  t h e  
measure o f  s t a b i  1  i t y  ob ta ined .  Comparative measures o f  b rak ing  
s t a b i l i t y  a r e  bes t  ob ta i ned  i n  t h e  s i t u a t i o n  i n  wh ich  no s t e e r i n g  
c o r r e c t i o n s  a r e  made. Thus a  t e s t  of  b rak ing  s t a b i l  i t y  w i t h  f i x e d  
s t e e r i n g  i s  inc luded .  I n  v e h i c l e  t e s t s ,  d i s t u rbance  f a c t o r s  such 
as brake imbalance, su r f ace  roughness, su r face  f r i c t i o n a l  v a r i a t i o n ,  
wind gusts ,  e t c . ,  w i l l  e x c i t e  any v e h i c l e  i n s t a b i l i t y  i n  a  random 
fash ion  and w i t h  an unknown amp1 i tude. S ince  a  computer s i m u l a t i o n  
must a l s o  be g i v e n  a  d is tu rbance ,  pavement c ross -s l ope  i s  suggested 
as a  comon,  e a s i l y  determined i n p u t  which i s  independent o f  t h e  
s p e c i f i c s  o f  v e h i c l e  des ign.  
BRAKING I N  A TURN 
Brak ing  i n  a  t u r n  p rov ides  a  measure o f  t h e  v e h i c l e ' s  combined 
b rak ing  and c o r n e r i n g  c a p a b i l i t y .  Among t h e  v a r i o u s  ways i n  wh ich  
t h i s  maneuver can be performed, t h e  c l  osed-loop, cons tan t  pa th  
c u r v a t u r e  method i s  most t y p i c a l  o f  highway maneuvers and most e a s i l y  
i n t e r p r e t e d  . The maneuver i s  performed w i t h  t h e  v e h i c l e  c o a s t i  ng 
from a  h i ghe r  speed on a 300'  r ad ius ,  eaching 0.2 g's l a t e r a l  
a c c e l e r a t i o n  a t  30 mph. Brakes a r e  a p p l i e d  a t  f i x e d  va lues  o f  i n -  
c reas ing  1 eve1 u n t i  1  1 i m i t  c o n d i t i o n s  a r e  reached. I n  genera l  , t h e  
bes t  measure o f  performance i s  , the maximum d e c e l e r a t i o n  t h a t  can be 
achieved w i t h o u t  l o s s  o f  c o n t r o l  a l l o w i n g  t h e  v e h i c l e  t o  reach  a  
1  i m i  t c o n d i t i o n  such as j a c k k n i f e ,  sp in-out ,  p low-out ,  o r  r o l l o v e r .  
TRAPEZOIDAL STEER 
Trapezo ida l  s t e e r  i s  t h e  open-loop e q u i v a l e n t  o f  a  J - t u r n  and 
p rov ides  a  measure o f  bo th  s teady -s ta te  and t r a n s i e n t  performance 
o f  t h e  v e h i c l e .  I n  t h i s  maneuver a  h i g h  r a t e  s t e e r  i n p u t  ( e f f e c -  
t i v e l y ,  a  s t e p  s t e e r )  i s  a p p l i e d  t o  va r i ous  magnitudes up t o  t h e  
1  i r n i  t s  o f  v e h i c l e  capab i l  i t y .  The maneuver e x c i t e s  t h e  v e h i c l e  
dynamic modes such as r o l l  and t h e  rearward a m p l i f i e d  yaw responses 
of a r t i c u l a t e d  cornbi na t ions ,  t o  determine t h e  1 i m i  t s  o f  performance 
in a s i tuat ion similar t o  an emergency avoidance maneuver by the 
dr iver .  The maximum steady-state path curvature which can be 
achieved i s  the measure of best performance. The measures of the 
peak values for  the various parameters indicate the 1 imit achieved 
and the nature of the l imit  on the maneuver ( i  . e . ,  jackknife, ro l l -  
over, e tc .  ) .  The measures of gain and response times are  indicative 
of the,  control responsiveness of the vehicle in cornering performance. 
LANE CHANGE 
The single lane change i s  the closed-loop equivalent of a sin- 
usoidal s teer  maneuver and provides a measure of response i n  a bi- 
directional transient maneuver. Using the closed-loop t e s t ,  in 
which the vehicle follows a prescribed path representative of a 
typical highway maneuver, vehicle performance can be easi ly  judged 
by the maximum entrance velocity a t  which the maneuver can be 
successful ly accompl i shed. The measures of peak parameters i ndi - 
cates the mode i n  which the limiting condition occurs. 
RAMP STEER 
A slow ramp s teer  effectively measures the maximum cornering 
performance tha t  can be achieved when the s teer  r a t e  i s  low enough 
that  near steady-state conditions exi s t .  The primary measure of 
performance in th i s  maneuver i s  the maximum 1 ateral  acceleration 
level that  can be achieved a t  1 imi t conditions; the peak val ues of 
other parameters being used to indicate the nature of the 1 imiting 
condi t i  ons . 
CONCLUS ION 
The performance measures described above, i n  most cases, can 
only be judged by a c r i t e r i a  of comparative performance between 
simi 1 a r  vehicles because of the absence of  recognized performance 
levels for trucks. For purposes of  evaluating truck s ize  and weight 
e f fec ts ,  however, t h i s  method i s  appropriate and i s  commonly used. 
I t  should be noted that in the proposed performance tes ts  no 
rough road maneuvers are  considered. Such maneuvers have been 
excluded due to  the large number of variables that  would infl  uence 
the r e su l t  and complicate any ef for t  t o  evaluate performance. Speci- 
f i ca l ly ,  i t  i s  a concern tha t  many vehicle design variables (wheel- 
base, tandem ax1 e spread, suspension type, suspension damping, e t c .  ) 
would potenti a1 l y  i nfl uence rough road performance even more than 
the variables of road surface, speed, and vehicle weight. 
The evaluation of dynamic wheel loads i s  included as a perfor- 
mance measure i n  four of the t e s t  maneuvers; those maneuvers repre- 
senting the primary highway si tuat ions (excepting bumps) in which 
high wheel loads would occur. No separate t e s t s  a r e  suggested 
because of the lack of a precedent, and the concern tha t  the typical 
vehicle imperfections contributing substantially to such effects  are 
n o t  we1 1 known [I 51. 
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"REPORT ON CAPABILITIES AND VALIDATION OF THE 
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1 .0  INTRODUCTION 
Th i s  document i s  submi t ted  t o  t h e  Federal  Highway Admin is t ra -  
t i o n  (FHWA) as a  summary o f  t h e  c a p a b i l i t i e s  and v a l i d a t i o n  o f  t h e  
MVMA-HSRI Truck D i r e c t i o n a l  Response Computer S imu la t i on  r e q u i r e d  
i n  Task B of t h e  p r o j e c t ,  " S i m u l a t i o n  o f  t h e  Ef fects  o f  Increased 
Truck S i z e  and Weight." The c a p a b i l i t i e s  of t h e  s i m u l a t i o n  program 
as descr ibed  here a r e  in tended  t o  r e f l  e c t  t h e  con ten t  o f  t h e  program 
as i t  w i l l  be p rov ided  t o  t h e  FHWA i n  Task G o f  t h e  p r o j e c t .  Because 
o f  t h e  c o n t i n u i n g  resea rch  on t r u c k  performance sponsored a t  HSRI 
by t h e  Motor V e h i c l e  Manufacturers  Assoc ia t i on  (MVMA) and o t h e r  
o rgan i za t i ons ,  s i m u l a t i o n s  a r e  p e r i o d i c a l l y  changed and improved t o  
r e f l  e c t  t h e  s t a t e - o f - t h e - a r t  know1 edge of t h e  b e s t  way t o  c h a r a c t e r i z e  
b rak i ng  and handl i n g  performance. The program t o  be p rov ided  t o  , 
FHWA w i l l  be t h e  l a t e s t  update o f  t h e  D i r e c t i o n a l  Response Simula- 
t i o n .  I t may be noted t h a t ,  as w i t h  a l l  o t h e r  users  o f  t h e  MVMA- 
HSRI programs, f u t u r e  expansions and improvements t o  t h e  program 
w i l l  be r o u t i n e l y  a v a i l a b l e  t o  t h e  FHWA. 
The c u r r e n t  MVMA-HSRI t r u c k  s i m u l a t i o n  c a p a b i l i t y  i s  rep resen ted  
by  two separate  d i g i t a l  computer p r o g r a m s - m e  s p e c i a l i z i n g  i n  
s t r a i g h t - 1  i n e  b rak i ng  and a  second, more genera l  program, capable 
of s i m u l a t i n g  bo th  b rak i ng  and hand l ing .  The s t r a i g h t - l i n e  b r a k i n g  
program was developed i n  1972 as t h e  Phase I program [I], and r e -  
f l e c t e d  t h e  growing i n t e r e s t  and concern by t h e  MVMA i n  t h e  b rak i ng  
problems o f  heavy t r u c k s  and t r a c t o r - t r a i l e r s  as t hey  r e l a t e d  t o  
FMVSS 121. Since then, t h a t  o r i g i n a l  b r a k i n g  program has undergone 
s i g n i f i c a n t  r e v i s i o n ,  and i n  i t s  c u r r e n t  form i s  known as t h e  Phase 
I 1 1  program [3 ] .  
The c u r r e n t  MVMA-HSRI b rak i ng  and handl i n g  model, known as t h e  
Phase I 1  Truck D i r e c t i o n a l  Response S i m u l a t i o n  [2], was developed i n  
1973 and represen ts  t h e  genera l  model t o  be extended and used 
d u r i n g  t h e  course o f  t h e  FHWA p r o j e c t .  Except f o r  a  few d e t a i l e d  
model d i f f e r e n c e s ,  i t s  capab i l  i t y  i n  r ep resen t i ng  t h e  b rak i ng  
performance o f  t r u c k s  and t r a c t o r - t r a i  1  e r s  d u r i n g  s t r a i g h t - 1  i n e  
b rak ing  dupl  i c a t e s  i t s  Phase I 1  I coun te rpa r t .  Those few except ions 
w i l l  be upgraded as p a r t  o f  t h e  m o d i f i c a t i o n s  t o  be made t o  t he  
FHWA Phase I 1  program d u r i n g  t h e  course o f  t h i s  p r o j e c t .  
The p r i n c i p a l  m o d i f i c a t i o n s  t o  t h e  MVMA-HSRI Phase I 1  program 
w i  11 p e r t a i n  t o  ex tend ing  t h e  c u r r e n t  t r a c t o r - t r a i l e r  model t o  a1 low 
f o r  t h e  s i m u l a t i o n  o f  doubles and t r i p l e s .  The r e v i s e d  model w i l l  
a1 so p rov i de  f o r  an o p t i o n a l  c losed- loop  s t e e r i n g  c o n t r o l  t o  pe rm i t  
t h e  v e h i c l e  t o  f o l l o w  a  s p e c i f i e d  path.  
I n  t h e  sec t i ons  t h a t  f o l l o w ,  t h e  general  fea tu res  o f  t h e  c u r r e n t  
Phase I 1  model and t h e  proposed m o d i f i c a t i o n s / e x t e n s i o n s  a re  summar- 
i z e d .  V a l i d a t i o n  t e s t s  and r e s u l t s  f o r  t h e  Phase I 1  program a re  
d iscussed i n  t h e  f i n a l  s e c t i o n .  
2 . 0  MVlrlA-HSRI PHASE I1  SUMMARY 
Current capabili t ies of the MVMA-HSRI Phase I1 simulations 
are discussed within th is  section. Planned modifications/addi tions 
t o  the program are outlined in Section 3 .0 .  
2 .1  Degrees of Freedom and Axis System 
The current version of the Phase 11 program can represent u p  
t o  32 degrees of freedom ( t rac tor - t ra i  1 er  configuration) distributed 
as follows: (1  ) six degrees of freedom for the t r ac to r ' s  sprung mass, 
( 2 )  six degrees of freedom for the semitrai ler ' s  sprung mass, ( 3 )  
a  rotational degree of freedom for each o f  the ten wheels ( the wheels 
may have dual t i r e s ) ,  ( 4 )  vertical and roll  degrees of freedom f o r '  
each single axle, and ( 5 )  four degrees of freedom t o  describe the 
vertical and roll  motions of a tandem axle pair. 
For each unit ( t r a c t o r / t r a i l e r )  of the vehicle a  moving axis 
system i s  associated with ( 1 )  the sprung mass (body axis system) and 
( 2 )  the unsprung masses (unsprung mass axis system). Each of the 
body axis systems i s  related t o  the fixed or iner t ia l  coordinate axis 
system in orientation by conventional E u l  er angles (heading about 
the vertical axis o f  the iner t ia l  system, pitch about the la teral  
body axis,  and - roll  about the longitudinal body ax i s ) .  Each unsprung 
mass axis system translates with the sprung mass center b u t  i s  only 
allowed t o  rotate in yaw. Each unsprung mass axis orientation i s  
likewise related t o  the iner t ia l  coordinate system by a  yaw angle 
(,+) transformation. Figure 2 . 1  shows the re1 ationshi p between each 
of the coordinate systems for the t ractor- t rai  1 er . 
2 . 2  Solution Method for the Equations of Motion 
The equations of motion for each sprung mass provide the trans- 
lational and rotational accelerations which are then integrated t o  
obtain velocity and position. Each of the aforementioned coordinate 
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F i g u r e  2.1.  C o o r d i n a t e  system r e l a t i o n s h i p s .  
Tab1 e 2 . 1  , Summary of the Coordinate Systems Shown in Figure 2.1. 
Coordinate Systems 
Notation Use Name 
Inertial X N ,  Y N ,  ZN Location of the vehicle. 
Observation point for 
accelerations and velocities.  
Body, Tractor or X B ,  Y B ,  Z B  Convenient for cal culati  on 
Straight Truck of rotational equations of 
sprung mass. 
Semi t r a i l  er TXB, TYB, TZB 
Unsprung Mass X I ,  Y 1 ,  Z1 Convenient for  cal cul ation 
Tractor or of shear forces a t  the 
Straight Truck tirelroad interface.  
Semi t ra  i 1 e r  TX1, TY1, TZ1 
systems i s  used t o  conveniently represent external forces ( t i r e ,  
suspension forces) within the equations of motion for each sprung 
mass. The unsprung masses are constrained t o  move with their  asso- 
ciated sprung mass by appropriate constraint equations solved t o  
provide the necessary constraint forces. Fifth wheel hitch forces 
are  1 ikewise included as external forces within the equations of 
motion b u t  do n o t  derive from conventional constraint equations b u t  
rather from a spring-damper res t ra in t  concept o u t 1  ined in the next 
section. 
2 .3  Fifth-Wheel Hitch 
The fifth-wheel hitch representation currently employed in the 
Phase I1  program consists of a 1 inear spring/viscous damper coupling 
between the tractor and semitrailer,  as shown in Figure 2 . 2 .  Ini- 
t i a l l y ,  the fifth-wheel position of the tractor and the semitrailer 
are assumed t o  be identical.  As the simulation run proceeds, forces 
developed by the t i r e s  will cause disparate paths for the fifth-wheel 
position of the tractor and the semitrailer;  a distance, 6 ,  will 
Figure 2 . 2 .  Fifth-wheel coup1 ing model . 
develop between them. The restraining hitch force developed by 
the spring/dashpot representations i s  proportional t o  6 and i t s  ra te  
of  change. The direction of  the hitch force i s  assumed t o  be 
along a l ine through the fifth-wheel location of the tractor and 
semitrailer.  Numerical values for the spring s t i f fness  and damping 
are selected t o  ensure that  6 remains small and we1 1 damped. 
A fifth-wheel roll  moment re t ra in t  i s  similarly represented by a 
torsional spring between the tractor and semi t r a i l e r .  The roll  moment 
transmitted through the f i f t h  wheel is  assumed t o  be equal t o  the 
product o f  the torsional s t i f fness  and difference in roll angles of 
the tractor and  semi t r a i l e r .  
2 . 4  Tire Model 
The current Phase I 1  program uses a semi-empirical model t o  
generate combined longitudinal and 1 ateral t i r e  forces. The model 
uses parameters measured from t i r e  data a t  two conditions: ( 1 )  longi- 
tudinal t i r e  data a t  zero s l ip  angle and ( 2 )  lateral  t i r e  data with 
no braking. A1 igning torque i s  calculated based on tables of measured 
a l i g n i n g  t o rque  versus s tee r  ang le  and v e r t i c a l  l oad .  T i r e  v e r t i -  
c a l  d e f l e c t i o n  and normal l o a d  a r e  based on a  l i n e a r  s p r i n g  assump- 
t i o n  a t  t h e  t i r e l r o a d  i n t e r f a c e .  F igures  2.3 and 2.4 show an 
example t i r e  model fo rce  c a l c u l a t i o n  f o r  va r ious  combi ned b r a k i n g  
and s ides1 i p  c o n d i t i o n s .  
2.5 Wheel Ro ta t i ona l  Dynamics 
The Phase I 1  program c a l c u l a t e s  r o t a t i o n a l  wheel s l  i p  by an 
e f f i c i e n t  l o c a l  1  i n e a r i z a t i o n  technique f i r s t  i n t r oduced  i n  t h e  
Phase I brak ing  program [I]. Hence, t h e  need and c o s t  t o  i n t e g r a t e  
t h e  conven t iona l  wheel r o t a t i o n a l  dynamic equat ions i s  e l  im ina ted .  
The wheel s l i p  ( o r  wheel speed e q u i v a l e n t )  i s  used by t h e  t i r e  
model / tab les,  brake fade, and a n t i s k i d  models. 
2.6 Suspension Model s  
An I-beam f r o n t  a x l e  model i s  used i n  t h e  s i m u l a t i o n s .  Any 
one o f  t h r e e  d i f f e r e n t  suspension o p t i o n s  can be s e l e c t e d  a t  t h e  
r e a r  ax1 e: (1  ) s i n g l e - a x l e  suspension, ( 2 )  f o u r - s p r i n g  suspension, 
o r  ( 3 )  wal king-beam suspension. The so l  i d  s ing1  e-ax1 e  suspension 
has bo th  v e r t i c a l  d e f l e c t i o n  and r o l l  degrees o f  freedom. The bas i c  
f o u r - s p r i n g  suspension model has f o u r  degrees o f  freedom ( v e r t i c a l  
d e f l e c t i o n  and p i t c h ,  each s i d e )  and i s  shown i n  F i gu re  2.5. The 
wal king-beam suspension has t h e  same f o u r  degrees o f  freedom and i s  
shown i n  F i g u r e  2.6. Both tandem a x l e  models i n c o r p o r a t e  f e a t u r e s  
f o r  i n t e r - a x l e  l o a d  e q u a l i z a t i o n  and f o r  d e s c r i b i n g  i n t e r - a x l e  l o a d  
t r a n s f e r  e f f e c t s  d u r i n g  b r a k i n g .  
2.7 Brake Models 
Two o p t i o n s  a r e  c u r r e n t l y  a v a i l a b l e  t o  r ep resen t  brake t o rque  
i n  t h e  Phase I 1  program. F i r s t ,  any one o f  s i x  brake modules can 
be represented:  ( 1 )  S-cam w i t h  l e a d i n g l t r a i l i n g  shoes, ( 2 )  dual  * 
Figure 2 . 3 .  Cornering force vs. sidesl ip angle for various longitudinal 
s l i p  values (HSRI semi-empirical t i r e  model ) .  
Figure 2 .4 .  Brake force v s .  longitudinal s l i p  for various sidesl ip 
angles (HSRI semi-empirical t i r e  model ) . 


wedge with two leading shoes, ( 3 )  single wedge with leading/trail ing 
shoes, ( 4 )  duo-servo self-actuating, ( 5 )  duplex, and ( 6 )  disc. Brake 
dimensions and lining f r i c t ion  coefficients a re  used as input by 
these modules to calculate brake torque. The second option i s  t o  
use tabular data of brake torque versus chamber pressure usual 1 y 
obtained from brake dynamometer t e s t s .  
The a i r  suppl y-brake system interaction i s  simulated by speci- 
fying transport 1 ine delays, exponential chamber pressure charac- 
t e r i s t i c s ,  and brake push-out pressures. 
2.8 Antiskid Model 
The Phase I1 program makes use of a general purpose antiskid 
model t o  represent most operational character is t ics  currently dis- 
played by commercial antiskid systems. The model i s  quite f lex ib le  
and provides the following basic features: 
1 )  Separate detailed representations of an antiskid 
system ' s wheel speed sensor, computer logic,  
pneumatic logic, and a i r  valve character is t ics .  
2 )  A1 lowance t o  specify different  antiskid systems, 
ax1 e-by-ax1 e .  
3 )  Side-to-side wheel select  options covering ( a )  
"worst wheel," ( b )  "best wheel," and ( c )  "average 
wheel " operation. 
2 . 9  Steering System 
Several different  steering system options are avai lab1 e in 
the Phase I1  program and are  1 isted below: 
1 )  Single table s teer  input providing the same steer  angle 
for both f ront  wheels as a function o f  time. 
2 )  Two table s teer  input providing separate s teer  angles 
a t  each front  wheel. 
3 )  Axle roll  s teer  which combines e i ther  of the above 
options with a modifying influence of axle-frame ro l l .  
4 )  Combined r o l l ,  pitch, and bounce steer  similar in con- 
cept t o  ( 3 ) ,  b u t  more comprehensive by allowing pitch 
and bounce effects  as we1 1 .  
5 )  Steerinq system compliance model which permits steering 
compliance in addition t o  the features contained in the 
above options. 
2.10 Inclined Roadway 
An inclined planar roadway may be specified in the Phase I 1  
program fo r  representing downgrade/upgrade, positive and negative 
superel evations, or any combination of the two. 
2.11 Wind Loadinq 
Aerodynamic forces may be simulated in the program by the pro- 
vision for a user-written subroutine which calculates the wind forces 
and moments acting on  the sprung masses. Hence, drag, l i f t ,  and 
side-loading may be represented t o  the degree of detai l  required by 
the user. 
3.0 PHASE 11-FHWA MODIFICATIONS 
The principal modifications made to the Phase I1  program will 
permit the simulation of doubles and trip1 es. While these specific 
modifications will largely take place during Task F ,  groundwork in 
the form of al terat ions of the basic program structure (indexing of 
sprung mass units,  subroutining of external forces, e t c .  ) i s  currently 
bei ng la id to more easi ly  accommodate the d o u b l  es/ t r i  pl es require- 
ment. The dol lylpint le  hook connection between units i s  planned as 
a mass1 ess,  springldamper r e s t r a in t  simil a r  in concept t o  the current 
Phase I1 fifth-wheel hitch model. 
In addition t o  the doubles/triples modifications, a closed-loop 
steering control option will be added which permits the vehicle t o ,  
follow a user-input path. The steering control will incorporate 6re- 
view or "look-ahead" strategy t o  s teer  along the desired path. The 
steering program will be f lexible  to a l l  ow different  user-programmed 
strategies  and steering response character is t ics  . 
While Figures 2 . 3  and 2.4  of the preceding section adequately 
demonstrate the presumed nature of the interaction between combined 
longitudinal and la teral  truck t i r e  force generation, current HSRI 
plans are  t o  improve the f l e x i b i l i t y  of the present t i r e  force 
representation. A revised procedure for  representing t i r e  forces by 
tabular data i s  planned as part of the FHWA modifications under Task 
F. Thi s revi sion wi 11 permit greater versati 1 i  t y  in representing 
truck t i r e  force characteri s t i c s  and a1 so allow improved format com- 
pati bi 1 i  ty between the data used by the computer program and data 
commonly measured during t i r e  t e s t s .  The revisions t o  the Phase I1 
t i r e  force calculation will require the use of tabular t i r e  data.  
Presently, the t i r e  model computes combined longitudinal -1 ateral  t i r e  
forces based on longitudinal t i r e  data a t  zero s l i p  angle and la teral  
t i r e  data with no braking. Under the planned revisions, the 
user will specify similar tables of t i r e  data, b u t  indicate the 
degree of interaction between longitudinal a n d  l a te ra l  t i r e  forces 
d u r i n g  combi ned b r a k i n g  and c o r n e r i n g  by an a d d i t i o n a l  " r o l l  o f f "  
t a b l e .  Combined b r a k i n g  and c o r n e r i n g  t i r e  data,  i f  a v a i l a b l e ,  w i l l  
a l s o  be a b l e  t o  be represen ted  under t h i s  p l an .  
I n  r e c e n t  years ,  t h e r e  has been l i t t l e  use o f  t h e  brake 
modules by most users  o f  t h e  Phase I 1  program p r i m a r i l y  because of 
t h e  g r e a t e r  a v a i l  a b i  1  i t y  o f  brake dynamometer data.  These modul es 
were o r i g i n a l l y  p rov ided  i n  t h e  Phase I b r a k i n g  program t o  app rox i -  
mate torque-pressure r e1  a t i o n s h i p s  i n  t h e  absence o f  s u i t a b l e  dyna- 
mometer da ta .  A t  t h i s  t ime  HSRI sees no compel 1  i n g  reason t o  c a r r y  
a l ong  and m a i n t a i n  t h e  b rake  module o p t i o n  i n  v iew o f  i t s  c u r r e n t  
demand and usage s ta tus .  Hence, t h e  b rake  module o p t i o n  i s  n o t  
p lanned f o r  i n c l u s i o n  i n  t h e  FHWA and f u t u r e  MVMA ve r s i ons  o f  t h e  
Phase I 1  program. 
F i n a l l y ,  general  improvements r e c e n t l y  made t o  t h e  Phase 111 
b r a k i  ng program (extended a n t i  s k i d  model , improved suspension f o r ce  
measurement r ep resen ta t i ons ,  brake fade, e t c . ) ,  b u t  n o t  c u r r e n t l y  
a v a i l a b l e  i n  t h e  Phase I 1  program w i l l  be added t o  t h e  f i n a l  FHWA 
ve rs i on .  
4.0 MVMA-HSRI PHASE I1 VALIDATION 
The Phase I1 program has been used by several vehicle manu- 
facturers as well as HSRI over the past several years. The Ford 
Heavy Truck Division used the Phase I1 program t o  gain insight into 
the interaction between braking and steering of the front  wheels on 
heavy trucks [4 ] .  The program has also been used by HSRI in a 
recent DOT-sponsored study [5] t o  examine the mechanisms causing yaw 
divergence and subsequent rol lover of a commercial vehicle during 
tes t ing .  While such use represents an implicit  form of t rus t  and 
cer t i f ica t ion  of the resu l t s  predicted by the Phase 11 program by 
experience, i t  does n o t  const i tute  a formal validation as was under- 
taken during the course of the Phase I1 program development. The . 
following sections serve to summarize the validation study performed 
during the Phase I1 program development. Chapters 6 and 7 of 
Reference [2] should provide any necessary additional de ta i l s  t o  t h i s  
summary. 
4.1 Test Vehicles 
A s t ra ight  truck and a t r ac to r - t r a i l e r  combination were run in 
a ser ies  o f  t e s t s  in both loaded a n d  empty configurations. The 
t ractor  alone was also tested in i t s  bobtail configuration. 
The s t ra ight  truck was a 4 x 6, 50,000-lb G V W ,  Diamond Reo 
vehicle with a 190-inch wheel base and dump-type body equipped with 
a walking-beam suspension. The vehicle was in new condition with 
OE t i r e s  a t  the time of tes t ing.  
The t ractor  was a 4 x 6 ,  46,000-lb GVW, White vehicle with a 
142-inch wheel base equipped with a four-spring/l oad leveler suspen- 
sion. The t r a i l e r  was a 40-ft Fruehauf van-type equipped with a 
four-spring/load leveler suspension. 
Tables 4.1 -4 .5  describe more complete1 y the t e s t  vehicles and 
their  loading conditions. 



















hx6, 50,c730 l b  gw, straight  truck, 1%) in. wheelbase 
v8- 210 
5 speed fordard, 1 reverse with l+ speed auxiliary spicer 
34,000 rated load with 7.8 r a t i o  
19: 24: 19, hydraulic power 
cast  spoke 
Fr on t-dual chamber 
wedge type 
t n e  9 
u0 
15 x 5 
RM-MA-417~ 
314 sq in. --- 
leaf s p r a s ,  11 
leaves, 7000 l b  
.- 







15 x 6 
ABB-693- 551-D 
752 sq i n .  
single swedge, spring ac- 
tuated, 4 rear  wheels ' 
rubber springs, RSA-340, 
34,000 lb ,  aluminimum 
walking beam 
highway tread, tube type 
10.00-20 
F 
Table 4 . 2 .  Loading Conditions for the Straight Truck. 
Loading ~ t a t b - ~ x l e  Loads 
Condition r'ront l b  rear l b  t o t a l  l b  
~ S Y  8,700 12,700 21,400 
Loaded 13 , 000 32,200 45,200 
Total Vehicle C. G. Position 
m i %  Inches A f t  o f  Inches Above 
Condition Front Axle Ground 
b p t y  116 46 
Losd ed 13 7 55 




















Total Vehicle C.G. 
Posit ion, 
Bobtail 
4x5, 46,000 l b  gvw, 11;2-in. wheelbase, COE (sleeper 
t ~ P e  
v-8, 335 
5 speed forward, 1 reverse, 2 speed a u x i l i a r ~  spicer 
34,000 with 4.11 r a t i o  
28:1 ccnstant r a t io ,  lock t o  lock 
Cast spoke 
Front-dual chamber wedge Rear-dual, chamber wedge 
type type 
l imiting and quick release relay valve and quick re-. 
valve lease valve 
type 12 Type 12 
12 " 
15 x 7 
RM-MA-4174 
single wedge, spring ac- 
tuated, 4 rear  wheels 
leaf spring spring 
highway tread, tube type deep lug, tube type 
10.00-20 10.00-20 
F F 
67 inches a f t  of f ron t  axle 
40 inches above ground level  












40 ft, van type, 2 axle, semitrai ler  
4 spring (3  l e a f )  
S-cam, leading-trai l ing 
type 30 
6 -inch length 
16-112 x 7 
SAE f r i c t i o n  code "En 
highway tread, tube type 
10.00 x 20 
F 





S ta t i c  Axle Lead ( l b )  
Front Rear Trai ler  Total 
C. G. Position 
Loading Tract or Trai ler  
Condition A f t  of front  Height A r t  of Height 
axle ( in. ) (in. ) Kingpin(i;s ) ( in.  ) 
Empty 
Loaded 
4.2 Vehicle Tests 
The validation t e s t s  performed with the s t ra ight  truck and 
t rac tor - t ra i l  er were fixed s t ee r ,  steady-state turning and braking- 
in-a-turn maneuvers. The steady turning t e s t s  were conducted by 
ramping in a s teer  angle to a fixed level a t  constant speed, until 
a steady-state vehicle response was achieved. The t e s t s  were con- 
ducted a t  normal speeds of 25 and 30 mph using maximum s teer  angle 
levels corresponding t o  25, 50, 75, and 100% of the maximum value 
considered safe for the particular load configuration. 
The braking-in-a-turn t e s t s  were begun in the same manner as 
the steady-state turn t e s t .  However, once steady-state was achieved, 
a step brake application was made to a preset level determined by a 
1 imi t e r  in the brake 1 ine. Tests were made from a n  i n i t i a l  velocity 
of 27 mph with s teer  angles and brake pressures selected t o  cover 
a broad range of la teral  and longitudinal acceleration. These t e s t s  
established performance 1 imi t s  above which one or more wheels locked. 
Two special high-speed jackknife tes t s  were a1  so performed with 
the t rac tor - t ra i le r  combination. 
4 . 3  Comparison of Simulation and  Test Results 
Steady turn data was taken for the s t raight  truck and t ractor-  
t r a i l e r  in the empty and loaded conditions on the dry surface and 
in the empty condition on the wet surface. The bobtail tractor was 
tested in steady turns o n  the dry surface o n l y .  
Certai n differences between the experimental procedure and the 
simulated procedure should be noted. The steady turn experimental 
resul ts  were taken a t  a steady speed; whatever drive torque necessary 
t o  maintain that  speed was applied. In the simulation, on the other 
hand, no drive torque was applied. Thus the simulated vehicle speed 
drops during the course of the run as a resu l t  of the longitudinal 
component of the side force o f  the steered front wheels. Therefore, 
the in i t i a l  condition of vehicle speed was chosen s l ight ly higher 
t h a n  the speed for  which the resul ts  were desired; the vehicle 
model would reach a quasi-steady turn condition in which i t  would 
gradually 1 ose speed. When the speed dropped to the t e s t  speed, 
the simul ated yaw ra te  and 1 ateral  acceleration predictions were 
noted. 
I t  should also be noted that  the measured steer angles were 
used in the simulation. These were, as one might expect, s ignif i -  
cantly different  from side to  side. (Since a l l  the empirical resul ts  
and simulation runs were l e f t  turns, the l e f t  s teer  angle was always 
larger than the r igh t . )  For the purposes of the following figures,  
average steer angles were plotted. 
With very few exceptions, the measured resul ts  a n d  the predicted 
resul ts  are  in very close agreement. In a11 the steady turn figures, 
the simulated yaw ra te  and the simulated la teral  acceleration may 
appear to be different only by a scale factor .  This should be 
expected since, in the simulated "steady" turns 
where 
A i s  the la teral  acceleration 
Y 
u i s  the longitudinal velocity 
$ i s  the yaw ra te  
The yaw ra te  and the 1 ateral acceleration were measured independently, 
however; thus, the empirical resul t s  conform t o  the above equation 
within the 1 imi t s  of accuracy of the instrumentation. 
Figures 4.1 through 4.10 show the simulated and t e s t  resul ts  
for the steady turn maneuver with each vehicle. 
The measured resul ts  and the predicted resul ts  are  in close 
agreement for  the empty t r a i l e r  runs, b u t  in the case of the loaded 
vehicle, a marked difference i s  apparent between the experimental and 
AVERAGZ S m  ANGU ( degs , ) 
AVZRAa STEER AIOC;LE (degs . ) 
Figure 4 .1 .  Steady tu rn ,  empty, dry, 39.5 f t / s e c ,  s t r a i g h t  t ruck .  
AVERACIE STEER AmGLE ( degs . ) 
AJEXAGE STEER ANGLE (dega .) 
Figure 4.2. Steady turn, empty, dry, 47 f t / s e c ,  straight truck. 
' 
AVER4GE STEER AHW (dega. ) 
0 
Figure 4 .3 .  Steady turn,  low c.g .  l oad ,  dry, 39.1 f t / s e c ,  
s t r a igh t  truck. 
AVERAGE STEER ANGU (degs. ) 
AVERAGE STEER AN= (dega . ) 
Figure 4.4. Steady turn, l o w  c.g.  l o a d ,  dry,  45 .6  f t i s e c ,  
s t r a i g h t  truck. 
Figure 4 .5 .  Steady turn, empty, wet, 39 f t l s e c ,  
s t r a igh t  truck. 
Measured - Simulation 
AVERAC;E STEER (degs. ) 
2 4 6 8 l o  12 14 
AVEFAGE STEER ANGU ( degs . ) 
Figure 4 . 6 .  Steady turn, empty, w e t ,  46.8 f t / s e c ,  
s t ra igh t  truck. 
AVERACa;: STEER (dega, ) 
+' 
2 4 6 8 10 12 
AVERAGE STEER ANGLE (degs, ) 
Figure 4 .7 .  Steady tu rn ,  bobtail t r a c to r ;  dry, 43 f t l s e c .  
r Measured - Simulation 
2 
I 
4 6 8 ro 12 
AVERAGE STEER ANCLE (degs . ) AVERAGE STEE3 mGLE (degs. ) 




AVERAGE SmE3 A N m  (degs. ) 
Figure 4.9; Steady  turn 
16 I- 
Measured - Simulation 
AVERAGE S m R  ANGE (degs . ) 
2 4 6 8 10 
AVERAGE STEER ANGLE (degs. ) 
, tractor-trai ler, empty, wet. 
25f 
AVERAE STEER ANGLE (degs.) 
Figure 4.10.  Steady turn,, tractor-trailer, loaded,  dry. 
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simulated resu l t s ,  since even a t  low lateral  accelerations the simu- 
lation predicts higher la teral  acceleration than t4e measured values. 
The current understanding a t t r ibutes  the loaded vehicle test-simulation 
difference to conservative load sens i t iv i ty  in the t i r e  representa- 
tions and possible rol l -s teer  effects  not  accounted for  a t  the time 
of validation. 
The experimental procedure for the braking-i n-a-turn t e s t s  was 
outlined above. Some resul ts  from these t e s t s  are plotted in Figures 
4.11 through 4.14. I n  these figures, steady-state la teral  accelera- 
t i o n  before the appl ication of the brakes i s  plotted versus maximum 
longitudinal decelerations a f t e r  the application of the brakes. The 
incidence of wheel lockup may be inferred from the manner of plotting 
of the point. 
In the simulation runs, the actual steer a-nd brake pressure 
data from the braking-in-a-turn t e s t s  was not used; rather,  the simu- 
lation was used t o  predict the maximum longitudinal deceleration 
possible without wheel lockup when s ta r t ing  from a steady turn. Thus, 
for points in the area of the figures above the simulation l ine ,  the 
simulation will predict wheel lockup, and in the area below the 
simulation l ine ,  the simulation will predict that  no wheels will lock. 
The simulated resul t spl i t s  the empirical data quite accurately; 
with few exceptions, the locked-wheel empirical resul ts  f a l l  above 
the simulation l ine  and the unlocked resul ts  below the simulation 
1 ine. 
Time hi s tor ies  o f  the important dynamic variables describing a 
braki ng-i n-a-turn maneuver a re  given in Figure 4.15. In th is  maneuver, 
a f te r  entering a "steady" r ight  turn, brakes were appl ied a t  time 
t = 2 seconds, and held until the vehicle stopped. Points taken 
direct ly  from the empirical data were entered in the simulation for 
( 1 )  the s teer  angle ( r ight  side steady-state 5.5' ,  l e f t  side steady- 
s t a t e ,  7 . 0 ° ) ,  and ( 2 )  the applied brake pressure a t  the foot valve. 
A t  the time of brake application, simulated and measured speed were 
36.5 f t / sec .  Lateral acceleration, A longitudinal acceleration, A,, 
Y '  
Wheel Lock Code 
Left Tandem Right Tandem @ Left Rear Right Rear 
o No Lock 
Figure 4.11.  Braking in a turn; empty, dry, straight truck. 
Wheel Lock Code 
Left Tandem Right  and< 
Left Rear @ Right Rear 
a No. b c k  e a 
Figure 4 .12 .  Braking in a turn; l o w  c.g. load, dry, 
straight truck. 
Wheel Lock Code 
TRACTOR 
Left Leading 'Psndcm - Right Leading Tandeln 
Left Trailing Tanden ------------------ Right Trailing Tanden ----------------,,-.. 
Lef't Leading %den Right Leadirq Tandem 
Left Trailing Tanden - Right IYaili~~ Tandem 
TRAUER 
no Lock 
LONGITUDITUL DE-RATION (g' 6 )  ' 
Figure 4.13. Braking in a turn; dry, empty, tractor-trailer. 
0 005 el0 .15 .20 .25 .30 .35 . 1 O  
LONGITUDIISGL DECELERATION ( g ' a ) 
Figure 4 .14 .  Braking in a turn; dry, loaded, tractor-trailer. 
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Average Steer Angle = 7.7' 
STEZR ANGU (6) AND 
BRAm PILESsUaE (pi) 
Pi = 21.d psi 
I I I I I 
0.0 1.0 2.0 3*0 -4.0 5.0 6.0 
- Simulated - -- - Measured 
Ax 








1.0 2.0 3.0 4.0 5.0 6.0 
TIME (aec)  
Figure 4.1 5. A time history of a braking-in-a-turn maneuver, 
s t ra ight  truck. 
yaw rate ,  4, are plotted versus time. I n  t h i s  case, as in the 
majori ty  of the s t ra ight  truck runs, the correspondence bet~veen the 
empirical resu l t s  and the predicted resu l t s  i s  remarkably good. 
Time his tor ies  of the important dynamic variables describing a 
braking-in-a-turn maneuver for  the t r ac to r - t r a i l e r  are  given in 
Figures 4.16 and 4.17. In th i s  maneuver, a l e f t  turn with brakes 
applied a t  time t = 2.15 seconds, points taken d i rec t ly  from the 
s t r i p  chart data on board the ar t iculated vehicle were entered in the 
simulation for ( 1 )  the s teer  angle ( r ight  side steady-state 4 .73 ,  
Steer Angle = 4.62" 
Pf = 19 ps i  
1 I i I I 
0.0 1.0 2.0 3*O 4.0 5.0 6. o 
TPiE (eec) 
TIME (sec) 
0.0 1.0 2.0 3 0 4.0 5.0 6.0 
-- 
a 
f ~y Simulated 3 -lo - - 
Lock left side axle 4 
TIME (sec) 





Figure 4 .16 .  Time history of a braki ng-in-a-turn maneuver, 
tractor-trail e r .  
x (it) 
Fi gure 4.17. Time history of  a braking-in-a-turn maneuver, 
tractor-trail er. 
l e f t  s i d e  s teady-s ta te  4.47) and ( 2 )  t h e  a p p l i e d  brake pressure a t  
t h e  f o o t  va lve .  L a t e r a l  a c c e l e r a t i o n ,  A l o n g i t u d i n a l  a c c e l e r a t i o n ,  
Y' 
A , yaw r a t e ,  $, and the  a r t i c u l a t i o n  angle,  r ,  a r e  p l o t t e d  versus 
X 
t ime, and t h e  s imu la ted  t r a j e c t o r y  i s  g iven .  P r e d i c t e d  and measured 
i nc i dence  o f  wheel lockup  a r e  shown on t h e  r i g h t  s i d e  o f  t h e  l e a d  
t r a i l e r  tandem ax le .  Again, good agreement i s  seen between t h e  
exper imenta l  and s imu la ted  r e s u l  t s .  
Time h i s t o r i e s  o f  t h e  impo r tan t  dynamic v a r i a b l  es d e s c r i  b i  ng a  
high-speed j a c k k n i f e  t e s t  a re  g i ven  i n  F igures  4.18 and 4.19. I n  
t h i s  maneuver, which s t a r t s  w i t h  an i n i t i a l  l o n g i t u d i n a l  v e l o c i t y  o f  
60 mph, a  s tep  i n p u t  i s  a p p l i e d  a t  t h e  f o o t  va lve,  caus ing l i n e  
pressure t o  r i s e  a lmost  i n e d i a t e l y  t o  88 p s i .  Th is  was s u f f i c i e n t  
t o  l o c k  a l l  t h e  t r a c t o r  and t r a i l e r  wheels i n  t h e  t e s t ;  t h i s  r e s u l t  
was a l s o  p r e d i c t e d  by t h e  s i m u l a t i o n .  The e m p i r i c a l  and s imu la ted  
r e s u l t s  p r i o r  t o  impact w i t h  t h e  a r t i c u l a t i o n  ang le  l i m i t e r  a r e  g i ven  
i n  F igures  4.18 and 4.19. I t  should be noted t h a t ,  a l t hough  t h e  
d r i v e r  t r i e d  t o  m a i n t a i n  s t a b i l i t y  through t h e  a p p l i c a t i o n  of t h e  
s t e e r i n g  maneuver shown i n  t h e  f i g u r e ,  t h e  s imu la ted  s t e e r  ang le  was 
h e l d  t o  zero.  
Subsequent t o  t h e  v a l i d a t i o n  t e s t s  r e p o r t e d  here, many add i -  
t i o n a l  i n f o rma l  s t ud ies  have been conducted t o  checkout and improve 
var ious  aspects o f  t he  models used. S tud ies  i n  t he  performance o f  
t r u c k  a n t i s k i d  systems have r e s u l t e d  i n  models t h a t  can c l o s e l y  d u p l i -  
c a t e  t h e  pressure-cyc l  i n g  cha rac te r  i s  t i c s  o f  a n t i  s k i ds  on v e h i c l e s  
which have been s tud ied .  Recent t e s t s  have been conducted t o  ascer-  
t a i n  t h a t  t h e  s imu la t i ons  a r e  a c c u r a t e l y  d u p l i c a t i n g  t h e  i n f l u e n c e s  
on c o r n e r i n g  due t o  tandem ax les  and dual  t i r e s .  L ikewise,  s t ud ies  
a r e  c u r r e n t l y  underway f ocus ing  on t he  accuracy w i t h  which a r t i c u l a t e d  
v e h i c l e  co rne r i ng  i s  d u p l i c a t e d  t o  determine t he  i n f l u e n c e  o f  frame 
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Figure 4 .1  8.  ~ i m e  his tory  of a jackknife maneuver, t r a c to r - t r a i l  e r .  
TIME ( r e c )  
Figure 4.19. Time history of a jackknife maneuver, 
tractor- trai 1 er . 
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APPENDIX C 
PHASE I AND PHASE I 1  STUDY PLAN 
"SIMULATION OF THE EFFECTS OF INCREASED 
TRUCK SIZE AND WEIGHT" 
C o n t r a c t  No. DOT-FH-11-9330 
Highway S a f e t y  Research I n s t i t u t e  
The U n i v e r s i t y  of M ich igan  
Ann Arbor ,  M ich igan  48109 
June 1978 
INTRODUCTION 
T h i s  document c o n s t i t u t e s  t h e  Phase I and Phase I1  s tudy  
p lans r e q u i r e d  under Task D o f  t h e  FHWA P r o j e c t  DOT-FH-11-9330, 
" S i m u l a t i o n  o f  E f f e c t s  of Increased Truck S ize  and Weight." 
Phase I addresses t h e  s u b j e c t  o f  v a l i d a t i n g  t h e  s i m u l a t i o n  
program be ing  p r o v i d e d  t o  FHWA. I t  draws on t h e  e x t e n s i v e  v a l i d a -  
t i o n  d a t a  a v a i l a b l e  through o t h e r  p a s t  and c u r r e n t  p r o j e c t s  a t  HSRI; 
and desc r ibes  t h e  manner i n  which da ta  f rom t h e  companion p r o j e c t ,  
" V a l i d a t i o n  o f  Truck Hand l ing  S i m u l a t i o n  Resul ts , "  w i l l  be used t o  
f u r t h e r  v a l i d a t e  t h e  models. 
Phase I1 rep resen ts  a  s e r i e s  of t e s t s  t o  i n v e s t i g a t e  t h e  
e f f e c t s  o f  i nc reased  t r u c k  s i z e  and w e i g h t  i n  t h e  t e s t  maneuvers ' 
proposed i n  t h e  r e p o r t  on Task A. S p e c i f i c  v e h i c l e s ,  r e p r e s e n t i n g  
some o f  the  p o t e n t i a l  ways i n  which inc reased  s i z e  and we igh t  may 
be achieved, a r e  s e l e c t e d  f o r  s tudy.  Because o f  t h e  many v a r i a b l e s  
invo lved ,  a  complete e v a l u a t i o n  o f  t h e  many ways i n  which inc reased  
s i z e  and w e i g h t  can be m a n i f e s t  i n  p r a c t i c e  i s  beyond t h e  scope o f  
t h i s  p r o j e c t .  Rather,  t h i s  s tudy  p l a n  i s  o f f e r e d  as a  f i r s t  exp lo ra -  
t o r y  e f f o r t  t o  demonstrate a p p r o p r i a t e  ways f o r  u s i n g  t h e  s i m u l a t i o n  
program t o  e v a l u a t e  t h e  performance changes r e s u l t i n g  from change 
o f  t r u c k  s i z e  and we igh t  l i m i t s .  
2.0 PHASE I - VALIDATION 
The heavy vehicle simulation programs which will be supplied 
to  FHWA under this  program are under continuing development a t  HSRI. 
Since their  origination in the early 19701s, they have experienced 
continuing revision, expansion, and  refinement. The validation of 
these programs i s  a similarly continuous process. I n  this  context, 
the ful l -scale  testing act ivi ty  .being conducted as a companion t o  this 
project i s  seen as only a portion of the validation ef for t  t o  be 
reported u p o n .  Thus, we plan t o  supply documentation of validation 
efforts which greatly exceed, b o t h  in depth and  breadth, t h a t  which 
would be available i f  only d a t a  from the companion study were available. 
A review of some of the ear l ies t  validation effor ts  associated 
with these simulation programs was presented t o  FHWA in the Summary 
Report of 31 January 1978. The validation ef for t  t o  which this  plan 
applies will draw from the following d a t a  sources in addition t o  the 
companion study: 
1 .  Straight truck anti 1 ock braking testing performed 
under MVMA sponsorship, October 1975, September, 
1976 [ I ,  2 1 .  
2 .  Straight truck steering response testing performed 
under MVMA sponsorship, July 1977 [3]. 
3. Tractor-semi t r a i  1 er  steering response testing t o  be 
performed under NHTSA sponsorship, June-July 1978 
P I .  
4. Tractor-semi t r a i l e r  steering response testing t o  
be performed under MVMA sponsorship, June-July 
1978 . 
5 .  Tractor-semi t r a i l e r  and tractor-semi t ra i  ler-ful l  
t r a i l e r  (doubles) steering response testing per- 
formed under sponsorship by the  State of Michigan, 
April 1978 [5] .  
The manner i n  which da ta  a v a i l a b l e  from these sources and 
the companion t e s t i n g  program w i l l  be employed i s  o u t l i n e d  i n  t he  
f o l l o w i n g  sec t i ons .  
2.1 Brak ing  Performance Va l i da t i ons :  S t r a i g h t - L i n e  Brak ing  
Perhaps t h e  most d i f f i c u l t  area i n  t h e  v a l i d a t i o n  o f  complex 
commercial v e h i c l e  s i m u l a t i o n s  i s  b rak i ng  performance v a l i d a t i o n .  
Commercial v e h i c l e  brakes a re  h i g h l y  v a r i a b l e .  TWO, supposedly 
i d e n t i c a l  brakes, mounted on t h e  same ax le  may produce s u b s t a n t i a l l y  
d i f f e r e n t  brake torques i n  response t o  the  same i n p u t  brake pressure.  
Fur ther ,  performance o f  an i n d i v i d u a l  brake may vary  s u b s t a n t i a l l y  
over  t ime due t o  temperature,  v e l o c i t y ,  and h y s t e r e t i c  e f f e c t s ,  as 
we1 1  as p rev ious  work h i s t o r y .  S ince these performance v a r i a t i o n s  
are n o t  w e l l  understood, models o f  the mechanical f r i c t i o n  brake a re  
necessa r i l y  e m p i r i c a l  i n  na tu re .  Parametr ic  data r e q u i r e d  by these 
e m p i r i c a l  models a r e  among t he  most d i f f i c u l t  t o  ob ta in .  The most 
u s e f u l  method o f  o b t a i n i n g  such paramet r i c  da ta  i s  through deduc t ion  
based on a c t u a l  v e h i c l e  b rak i ng  t e s t  data.  
Th i s  s t a t e  o f  a f f a i r s  c l e a r l y  makes t he  a  p r i o r i  p r e d i c t i o n  
of s t opp ing  d i s t ance  an i n a p p r o p r i a t e  t ask  f o r  s t a t e - o f - t h e - a r t  simu- 
l a t i  on programs. I t  does no t ,  however, render  b rak i ng  performance 
s i m u l a t i  ons non-product ive n o r  negate t he  need f o r  t h e i r  v a l i d a t i o n .  
The b rak i ng  process, p a r t i c u l a r l y  i n  severe b rak ing ,  i n v o l v e s  complex, 
dynamic i n t e r a c t i o n s  o f  t h e  ti r e  f r i c t i o n  mechanisms, r o t a t i n g  mass 
e f f ec t s ,  unsprung masses, t h e  sprung mass, and a n t i l o c k  and pneumatic 
systems. Brak ing  s imu la t i ons  a re  i n v a l u a b l e  i n  a r r i v i n g  a t  an under- 
s tand ing  of the manner i n  which a l l  these mechanisms i n t e r a c t  i n  t he  
b rak i ng  process.  The use of s i m u l a t i o n  i n  parameter s e n s i t i v i t y  
s t ud ies  r e1  a ted  t o  b rak i ng  performance i s  one n a t u r a l  ex tens ion  o f  
t h i s  imp1 i e d  unders tanding.  V a l i d a t i o n  o f  s imu la t i ons  w i t h  regard  
t o  t h e  i n t e r a c t i o n  o f  a l l  these mechanisms, as w e l l  as s topp ing  d i s -  
tance, i s  of paramount importance. 
HSRI has completed an indepth validation study of s t ra igh t -  
l ine braking using a three-axle s t r a i gh t  truck as a subject  vehicle. 
A1 though complete documentation has n o t  been pub1 ished, th i s  a c t i v i t y  
was reported on b r ie f ly  in [ I ,  21. This a c t i v i t y  wil l  be fu l ly  
documented as part  of the validation e f f o r t  of t h i s  study. 
Braking validation wil l  be extended in to  the t r a c to r - t r a i l e r  
regime via data t o  become available through the companion study. Due 
to expected l imi ta t ions  of the t e s t  data,  i . e . ,  the lack of wheel 
speed and brake chamber a i r  pressure data and the limited number of 
brake application levels ,  th i s  a c t i v i t y  will necessarily be shallower 
than tha t  described above. Suspension deflect ion data from tes t ing 
will be analyzed to  the extent  possible,  t o  derive vehicle pitch and 
bounce information for  comparison with simulation resu l t s .  This same 
information, along with longitudinal accelerat ion data ,  may be use- 
ful f o r  deriving antilock cycling data. Stopping distance t e s t s  wil l  
be used f o r  validation within a s ens i t i v i t y  study context. T h a t  i s ,  
vehicle parameter changes (load and  f i f t h  wheel posit ion) might be 
expected t o  a l t e r  stopping distance in the " fu l l  applicat ion" braking 
t es t s .  The simulation wil l  be evaluated with respect to i t s  ab i l i t y  
t o  predict  these changes. 
2 .2  Hand1 i  ng Performance Val idations: J-Turn, Lane-Change, 
and Bra king-in-a-Turn 
HSRI has available a substantial  body of heavy vehicle t e s t  
data deriving from a variety of sources upon which may r e s t  the bulk 
of the hand1 ing performance validation e f f o r t .  Additionally, data 
from the companion study wil l  be employed. 
Data f o r  s t ra igh t  truck handling validation derives from work 
conducted by HSRI under MVMA sponsorship. I n  th i s  a c t i v i t y ,  a  shor t  
wheel base, three-axle truck with a i r  suspension rear  tandem was 
tested in both steady turning and  J-turn maneuvers of an open-loop 
nature. Portions of the result ing data were reported in [3]. This 
data wi 11  be analyzed and used for  validation of steady-state and 
dynamic yaw plane response of the s t r a i gh t  truck portions of the 
simulation program. 
A major tractor-semi t r a i l e r  t e s t ing  program will  be conducted 
by HSRI during summer of t h i s  year .  Test vehicles in t h i s  program 
include the vehicle mentioned in the preceding paragraph (used as a 
t r ac to r )  and a shor t  wheel base, two-axle t r a c to r .  Each wil l  be in 
combination w i t h  a 40-foot van (two-axle) and a 40-foot f latbed 
(two-axle) t r a i l e r .  The tes t ing i s  being conducted f o r  two purposes, 
viz.: 
1 )  Val idation of hand1 ing simulation (under M V M A  
sponsors h i p )  
2 )  An examination of yaw divergence and rollover 
tendencies, pa r t i cu la r ly  as they a re  affected 
by frame compl iance mechanisms (under NHTSA 
sponsors h i p .  
In re la t ion t o  (2)  above, frame compliance of both t rac to rs  wil l  be 
s ignif icant ly  reduced during portions of t e s t i ng ,  thus providing fo r  
"di f ferent"  t r ac to rs  f o r  validation purposes. 
Testing in t h i  s program will  include open-loop steady-state 
turni ng , J-  turns ,  and 1 ane-change maneuvers. A small amount of 
tes t ing wil l  be conducted with the vehicle empty, while the majority 
of the e f f o r t  wil l  be accomplished with a payload of approximately 
42,000 pounds w i t h  a c .g.  height of approximately 68 inches. Fi f th  
wheel position wil l  be varied. 
The validation e f f o r t  associated with t h i s  tes t ing wil l  be 
incorporated i n  t o  t h i s  study. 
Although i t  was not expected a t  the time of our proposal, we 
are  now able to present validation evidence with respect  to  handling 
of double t r a i l e r .  combinations. Under the sponsorship of the S ta te  
of Michigan, a t e s t ing  program has been conducted on double t r a i l e r  
fuel tankers [ 5 ] .  The b u l k  of the tes t ing involved open-loop lane- 
change maneuvers of the fully-loaded vehicle. I t  i s  important to  
note t ha t  the t e s t  maneuver was spec i f i ca l ly  designed to excite the 
d i s t inc t ive  "snaking" behavior of the double. Thus, f o r  validation 
purposes, we a r e  able t o  examine the dynamic handling performance of 
the double which most uniquely dist inguishes t h i s  vehicle from the 
t rac  tor-semi t r a i l e r .  
A t  the time of the Michigan project ,  the subject  simulation 
was n o t  y e t  adapted fo r  the study of doubles. During t ha t  p ro jec t ,  
a  l inearized analog computer simulation was assembled to  investigate 
handling dynamics, and a dynamic ro l l  simulation model was developed 
to investigate ro l l  motion response. Both models yielded accurate 
predictions of behavior over t h e i r  expected range of val id i ty .  
Validation of the doubles model now being prepared fo r  FHWA wil l  
include canparison against  these two simulations. 
A1 1 the vehicle handling tes t ing discussed above has, or will 
have, covered a broad input range. In each case, vehicle equipment 
includes rollover preventing outriggers so t ha t  tes t ing can be con- 
ducted u p  t o ,  and often beyond, the yaw divergence and/or rol lover 
l imi t .  Thus, validation may be conducted not only in the l inear  
range, b u t  we1 1 i n t o  the nonlinear range where heavy vehicle t e s t  
data has been largely unavailable t o  date. 
Test data t o  be provided by the companion project  t o  t h i s  
e f fo r t  i s  seen as augmentation to the validation e f f o r t  described 
above. The closed-loop nature of the handling t e s t s  described i n  the 
t e s t  plan for  t ha t  project  i s  expected t o  cause some d i f f i cu l t y  in 
the validation e f f o r t ,  however, the result ing t e s t  data wil l  remain 
very useful i f  addressed from the proper perspective. Repeatabi 1 i  ty 
of s teer ing input f ree ly  applied by the dr iver  i s  of obvious concern. 
The re la t ive ly  "noisiness" of steering inputs i s  also a concern. When 
drivers superimpose small, r e la t ive ly  high frequency steering correc- 
tion over the intended steering waveform, they a r e  operating as a 
complex feedback mechanism i n  a  closed-1 oop system. Thus, these 
corrections are  favorably phased- wi.th vehicle reactions con t i  nual ly 
throughout the maneuver. If  such a s teer ing input i s  recorded and 
input t o  an open-loop simulation, very small errors in the frequency 
response of the vehicle may accumulate large phase s h i f t  errors 
between input and o u t p u t  as the simulated maneuvers proceed in time. 
We would note a t  this  time that in using such data, i t  may be 
desirable to a r t i f i c i a l l y  smooth the steering data time histories 
for input t o  the simulation and t o  make comparisons between simulated 
and t e s t  vehicle responses only in terms of the lower frequency 
portion of those responses. 
We also feel compel led t o  note that  trajectory data must also 
be considered from the proper perspective. The t e s t  plan for the 
companion study quite rightly takes note of "the inaccuracies inherent 
in determi ni ng exact trajectory through double integration of measured 
dynamic parameters. " I t  i s  important t o  recognize that simulations 
also determine trajectory by double integration of the same dynamic 
parameters. By i t s  nature, this  process accentuates very small 
errors in acceleration made early in time as well as accumulating 
phase errors .  Thus, trajectory data i s  n o t  particularly appropriate 
for val idation of the open-loop simulations . (More valuable val ida- 
tion information can be expected to derive from comparison of the 
time histories produced by on- board instrumentation with those 
obtained from simulation.) 
Conversely, trajectory data will be useful in testing the 
path-follower functions which will be developed for  this  simulation 
for FHWA. The abi l i ty  of this  feedback control algorithm t o  repro- 
duce the vehicle trajectory obtained in the vehicle testing program 
will be evaluated. Comparison of the general quality of the steer- 
ing time histories produced by the path-follower and the driver will 
be made. 
3.0 PHASE I 1  PLAN: A N  EXAMINATION OF THE EFFECTS OF 
INCREASED SIZE A N D  WEIGHT 
The following paragraphs outl ine the matrix of simulation 
runs which a re  planned fo r  an examination of the e f fec t s  of increases 
in s i ze  and weight on the braking and hand1 ing performance of high- 
way tractor-semitrai  l e r  vehicles. The magnitude of t h i s  study i s  
such that  i t  cannot be viewed as de f in i t ive  a t  a l l .  Rather, i t  i s  
a broad, br ief  scan t ha t  may help t o  ( 1 )  indicate spec i f i c  areas 
of concern which should l a t e r  be examined in more depth and ( 2 )  pro- 
vide an indication of the usefulness of simulations in examining and 
understanding trends in vehicle performance. 
3.1 Studyvehic les  
Seven ( 7 )  vehicles have tenta t ively  been defined as subjects  
of the simulation study. The baseline vehicle i s  prototypical of 
common line-haul t r a c t o r - t r a i l e r  combinations. The other s ix  vehicles 
represent perturbation of the baseline based on a l t e ra t ions  of axle 
load ratings and length, height, and width dimensions. The vehicles 
are: 
1 )  The baseline: a typical 142-inch wheel base, three- 
axle t r ac to r  hauling a 40-foot, two-axle t r a i l e r  with 
load ratings of 12, 34, and 34 thousand pounds a t  
the f r on t ,  t r ac to r  tandem, and t r a i l e r  tandem axles ,  
respectively. Tra i l e r  payload and f i f t h  wheel posi- 
tions wil l  be established in order t o  es tabl ish  these 
axle load conditions. The payload c .g .  will be 
located a t  a height of 68 inches. All appropriate 
brake, ant i lock,  suspension gecmetrics, mass, and 
other parameters wi 11 be typical of those measured 
fo r  t h i s  c lass  of vehicle previously. 
2) A vehicle similar t o  ( 1 )  with the payload weight, longi- 
tudinal payload position, a n d  f i f t h  wheel position 
altered t o  obtain axle loads of 14, 34, and 34 thousand 
pounds. 
3 )  A v e h i c l e s i m i l a r t o ( 1 ) w i t h a p p m p r i a t e p a y l o a d a n d  
f i f t h  wheel changes t o  obtain a 1 2 ,  38, and  38 thousand 
pounds axle loadi ng  combination, 
4) A vehicle similar t o  ( 1 )  with a l l  axle loads increased 
t o  obtain 14, 38 and  38 thousand pounds a t  the front ,  
t ractor  tandem, and t r a i l e r  tandem, respectively, again 
wi t h  appropri ate payload and  f i  f th wheel a1 te ra t i  ons to 
achieve these loads. 
5 )  A vehicle similar t o  (4 )  with the payload c .g .  raised 
proportionately t o  i t s  increased weight relative t o  t h a t  
of vehicle ( 1 ) .  T h a t  i s ,  assuming a payload floor a t  a 
height of 54 inches, previous payloads are centered 14 
inches above the floor.  Based on the same density, the 
increased payload woul d be centered approximately 16 112 
inches above the floor or  70 1 / 2  inches above the ground. 
6 )  A vehicle similar t o  ( 4 )  with the t r a i l e r  length extended 
in proportion t o  the increased payload, t h a t  i s ,  a t r a i l e r  
length of approximately 47 fee t  yielding a vehicle length 
of approximately 58 feet.  
7 )  A vehicle similar t o  ( 1 )  with the front and rear axle 
rat i  ngs i ncreased t o  15,  38 and 38 thousand pounds, 
respectively. Payload and f i f t h  wheel changes will be 
made t o  obtain 14, 38 and  38 thousand pounds axle loadings 
a t  the c .g .  height determined for  vehicle 5 .  
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In the case of vehicle 7, axle load increases will be accompanied 
by increases in brake torque effectiveness and  suspension s t i f f -  
nesses. When possible,  these increases wi 11 be determined from para- 
metric measurement data on hand .  Otherwise, increases wil l  be made 
in proportion t o  the increased axle loads. Antilock logic parameters 
will be maintained constant across vehicles. Moment of i ne r t i a  
parameters wi 1 1  be a1 tered appropriately with respect to  mass and 
geometric changes. 
While these accompanying changes a r e  ra t iona l ,  they are a l so  
somewhat a rb i t ra ry .  No d o u b t ,  a serious design e f f ec t  could resu l t  
in parameter values f o r  such items as brake effectiveness a n d  an t i -  
lock logic which would produce a be t t e r  performing, larger  vehicle 
than wha t  will  appear in t h i s  study. Clearly, however, th i s  study , i s  
n o t  of the magnitude necessary fo r  accompl ishing such an optimization 
task. 
3.2 Simulation Test Maneuvers 
Each vehicle will be simulated in f ive  ( 5 )  d i f fe ren t  types 
of t e s t  maneuvers, v iz . :  
I )  s t ra ight-1  ine braking 
2 )  braking in a turn 
3)  s tep  s t e e r  
4 )  sinusoidal s t e e r  
5 )  slow ramp s t e e r  
Each maneuver and  the response parameters t o  be employed in 
comparing vehicles are  discussed in the fo l l  owing paragraphs. 
3.2.1 Straight-Line Braking. Each vehicle will be simulated 
performing stops on a high f r i c t i o n ,  level surface from 60 m p h .  One 
stop wil l  be a t  f u l l  brake application and approximately four addi- 
tional stops wil l  be made a t  varying levels  to identify maximum 
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per formance p r i o r  t o  a n t i l o c k  c y c l i n g .  Comparisons wi  11 be based 
on s t o p p i n g  d i s t a n c e ,  maximum wheel l oads ,  and number o f  a n t i l o c k  
c y c l e s  . 
A d d i t i o n a l l y ,  two s tops  w i l l  be made w i t h  each v e h i c l e  on t h e  
same h i g h  f r i c t i o n  s u r f a c e ,  however, w i t h  a  s i g n i f i c a n t  c r o s s - s l o p e .  
One s t o p  w i l l  be made a t  f u l l  b rake  a p p l i c a t i o n ;  t h e  second w i l l  be 
made a t  t h e  h i g h e s t  d e c e l e r a t i o n  l e v e l  n o t  expected t o  produce a n t i -  
l o c k  c y c l i n g  on any v e h i c l e .  Comparisons o f  response v a r i a b l e s  
r e f l e c t i n g  on v e h i c l e  s t a b i l i t y  w i  11 be made. Comparison v a r i a b l e s  
w i l l  i n c l u d e  peak t r a c t o r  head ing ang le ,  peak t r a c t o r  yaw r a t e ,  and 
peak a r t i c u l a t i o n  a n g l e .  
3 .2 .2  B r a k i n g  i n  a  Turn .  A p p r o x i m a t e l y  f i v e  ( 5 )  b r a k i n g -  
i n - a - t u r n  s i m u l a t i o n  runs  w i l l  be made w i t h  each v e h i c l e .  I n  t h e s e  
runs, a  s teady  t u r n  a t  60 mph and .25 g  l a t e r a l  a c c e l e r a t i o n  w i l l  be 
e s t a b l i s h e d  a t  wh ich  t i m e  brake a p p l i c a t i o n s  w i l l  be made t o  a t t a i n  
a  d e s i r e d  l o n g i t u d i n a l  d e c e l e r a t i o n  l e v e l ,  b e g i n n i n g  a t  . 3  g ' s  and 
i n c r e a s i n g  i n  .05 g  increments  i n  success i ve  runs u n t i l  maximum s t a b l e  
per formance i s  a t t a i n e d .  Comparisons between v e h i c l e s  w i l l  be made 
based on maximum d e c e l e r a t i o n  o b t a i n a b l e  w i t h i n  yaw s t a b i l i t y  l i m i t s ,  
maximum dynamic wheel loads,  peak t r a c t o r  yaw a c c e l e r a t i o n ,  and peak 
t r a c t o r  s l i p  a n g l e  v e l o c i t y .  (The l a t t e r  measure r e f l e c t s  on t h e  
l e v e l  a t  wh ich  t h e  yaw response of t h e  v e h i c l e  i s  s e n s i t i v e  t o  t h e  
a p p l i c a t i o n  o f  b r a k i n g  . )  
3.2.3 Step S t e e r .  Approx ima te l y  s i x  ( 6 )  s t e p - s t e e r  maneuvers 
w i l l  be conducted w i t h  each v e h i c l e .  S t e e r i n g  ang les  w i l l  be s e l e c t e d  
such t h a t  t h e  r e s u l t i n g  s t e a d y - s t a t e  l a t e r a l  a c c e l e r a t i o n  a t  60 mph 
w i l l  i nc remen t  i n  .1 g  s t e p s  f r o m  r u n  t o  run,  b e g i n n i n g  a t  an  i n i t i a l  
l e v e l  o f  .l g .  A d d i t i o n a l  runs  w i l l  be made a t  h i g h e r  l e v e l  l a t e r a l  
a c c e l e r a t i o n s  t o  more c l o s e l y  e s t a b l i s h  maximum performance. Measures 
o f  i n t e r e s t  d e r i v e d  f r o m  t h i s  maneuver i n c l  ude maximum s teady-s  t a t e  
l a t e r a l  a c c e l e r a t i o n ,  t r a c t o r  yaw r a t e  ga in ,  response t i m e  and o v e r -  
shoot ,  l a t e r a l  a c c e l e r a t i o n  a m p l i f i c a t i o n  o f  t h e  t r a i l e r  r e l a t i v e  t o  
the  t r a c t o r ,  and peak wheel l oads .  
3 . 2 . 4  Sinusoidal Steer.  Sinusoidal s t e e r  i s  the open-loop 
equivalent of a  lane-change maneuver. Each vehicle will be sub- 
jected t o  approximately ten simulation runs of th i s  type a t  a  speed 
of 60 mph. I n i t i a l l y ,  f i ve  runs wil l  bemade with s ine  wave s t e e r  
angle inputs varying in periods from 1.5 t o  3.5 seconds in .5-second 
increments. Steering magnitude wil l  be chosen t o  obtain l a te ra l  
acceleration peaks a t  the t r ac to r  of approximately . 2 5  g .  These t e s t s  
wi 11 provide information concerning the frequency s ens i t i v i t y  of the 
vehicle in th i s  maneuver. A pa r t i cu la r  period wil l  then be chosen 
and  f i ve  additional runs wil l  be made to  es tabl ish  maximum performance 
of the vehicle in th i s  maneuver. Comparisons between vehicles wil l  
be made based on maximum l a t e r a l  accelerat ion a t  the t r a c to r ,  f ina l  
heading angle, l a te ra l  accelerat ion amp1 i f i ca t ion  a t  the t r a i l e r  and 
maximum wheel loads. 
3 .2 .5  Slow Ramp Steer.  Each vehicle wil l  undergo one slow 
ramp s t ee r  simulation run. In th i s  run, i n i t i a l  velocity i s  60 mph 
and ( f ron t  wheel) s t e e r  angle i s  slowly ( l O / s e c )  increased from an 
i n i t i a l  value of zero. The measure of i n t e r e s t  i s  the maximum l a t e r a l  
acceleration a t ta inable  within s t a b i l i t y  l imi ts  and the nature of the 
l imi t  (d i rect ional  or rol lover s t a b i l i t y ) .  
The preceding paragraphs have described a  simulation program 
of approximately 210 runs. This number may vary somewhat, depending 
upon maximum achievable performance and the number of i t e r a t i v e  runs 
required to determine tha t  level in the various simulation run types. 
The program will  r e su l t  in a  broad view of the re la t ive  performance 
of the seven selected subject  vehicles. 
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APPENDIX D 
SUMMARY OF TEST VEHICLE SIMULATION PARAMETERS 
Test Vehicle :  1977 GMC As t ro  COE Tandem T r a c t o r ,  T r a i l m o b i l e  40-Foot 
Tandem Axle Van T r a i l e r .  
Weights 
Bobtai 1 t r a c t o r  f r o n t  ax1 e ( s t a t i c )  9437 Ib.  
Bobtai 1 t r a c t o r  r e a r  ax1 e ( s t a t i c )  7953 Ib .  
T r a i l e r  r e a r  a x l e  ( s t a t i c )  8650 l b .  
Kingpin weight ( s t a t i c )  2815 Ib .  
T r a c t o r  f r o n t  ax1 e unsprung weight 1450 l b .  
T r a c t o r  r e a r  a x l e  unsprung weight 4925 l b .  
T r a i l e r  r e a r  a x l e  unsprung weight 3060 l b .  
I n e r t i  a1 P r o ~ e r t i e s  
T r a c t o r  p i t c h  moment o f  i n e r t i a  
T r a c t o r  c , g .  he igh t  
T r a i l e r  p i t c h  moment o f  i n e r t i a  
T r a i l e r  c.g. h e i g h t  
T r a c t o r  r o l l  moment o f  i n e r t i a  
T r a c t o r  yaw moment o f  i n e r t i a  
T r a i l e r  r o l l  moment o f  i n e r t i a  
T r a i l e r  yaw moment o f  i n e r t i a  
Forward bogey posi  t i  on 
Midpoint bogey p o s i t i o n  
Rear bogey p o s i t i o n  
T r a c t o r  f r o n t  a x l e  r o l l  moment o f  i n e r t i a  
T r a c t o r  r e a r  a x l e  r o l l  moment of i n e r t i a  
T r a i l e r  r e a r  a x l e  r o l l  moment o f  i n e r t i a  
T r a c t o r  f r o n t  wheel p o l a r  moments o f  i n e r t i a  
T r a c t o r  r e a r  wheel p o l a r  moments of i n e r t i a  
T r a i l e r  wheel p o l a r  moments o f  i n e r t i a  
S u s ~ e n s i  on Parameters 
105,493 in-1 b-sec2 
40.13 inches  
542,486 in-1 b-sec2 
74.82 inches  
36,757 in-1 b-sec2 
241,479 in-1 b-sec2 
66,224 i n-1 b-sec2 
T r a c t o r  f r o n t  a x l e  s p r i n g  r a t e  1,380 l b / i n  
T r a c t o r  f r o n t  a x l e  coulomb/viscous damping 670 l b .  
T r a c t o r  f r o n t  a x l e  r o l l  c e n t e r  he igh t  20 inches  
T r a c t o r  f r o n t  a x l e  a u x i l i a r y  r o l l  s t i f f n e s s  9,900 in-1 b/deg 
T r a c t o r  f r o n t  a x l e  r o l l  s t e e r  c o e f f i c i e n t  0.17 deg/deg 
Tractor  r e a r  ax l e  spr ing  r a t e  
T rac to r  r e a r  ax1 e coul omb/vi scous damping 
Trac tor  r e a r  ax l e  r o l l  cen te r  height  
Trac tor  r e a r  ax1 e  auxi 1  i a r y  r o l l  s t i f f n e s s  
Trac tor  r e a r  ax l e  r o l l  s t e e r  c o e f f i c i e n t s  
T r a i l e r  r e a r  ax l e  spr ing  r a t e  
Trai  l e r  r e a r  ax1 e  coul omb/vi scous damping 
T r a i l e r  r e a r  ax l e  a u x i l i a r y  r o l l  s t i f f n e s s  
T r a i l e r  r e a r  ax l e  r o l l  s t e e r  c o e f f i c i e n t s  
Brakes 
Trac tor  f r o n t  ax l e  - Transport  delay 
- Pushout lag  
- Pushout pressure  
- Rise time cons tan t  
- Torque 
Trac tor  r e a r  ax l e  - Transport delay 
- Pushout lag  
- Pushout pressure  
- Rise time cons tan t  
- Torque 
T r a i l e r  r e a r  ax l e  - Transport  delay 
- Pushout l ag  
- Pushout pressure  
- Rise time cons tan t  
- Torque 
Geometry 
Trac tor  wheel base 
Trai 1  e r  wheel base 
Forward bogey pos i t ion  
Midpoint bogey pos i t ion  
Rear bogey pos i t ion  
Trac tor  f r o n t  ax l e  t r ack  width 
Tractor  r e a r  ax l e  t r a c k  width 
T r a i l e r  ax l e  t r a c k  width 
3,880 Ib / in  
1,741 l b .  
29.62 inches 
30,000 in-1 b/deg 
,007 deg/deg 
7,818 l b / i n  
2,600 lb .  
35,490 in-1 b/deg 
-. 004 deg/deg 
0.02 sec.  
0.07 sec .  
7  psi 
0.17 sec.  
763.5 in-1 b/psi 
0.05 sec. 
0.08 sec. 
5  psi 
0.40 sec.  
1463 in-1 b/psi 
0.14 sec.  
0.08 sec.  
10 psi  
0.17 sec. 








Tractor front axle spring spacing 
Tractor rear axle spring spacing 
Trailer axle spring spacing 
Tractor dual  t i r e  spacing 
Trai 1 e r  dual t i  re spacing 
Fifth wheel position 
Forward pos i t  ion 
Midpoint position 
Rear pos i t i  on 
Fifth wheel height 
Pay1 oad weight 
Distance ahead of rear suspension 
Forward bogey position 
Midpoint bogey position 
Rear bogey position 
C.G.  height 
Roll moment of iner t ia  
Pitch moment of iner t ia  















79,891 i n-1  b-sec2 
2,015,800 in-1 b-sec2 
2,250,655 in-1 b-sec2 
